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Abstract
The 6-3 kyr BP time period is characterised by enhanced precessional forcing and an abrupt global
climate event known as the ‘4.2ka event’ megadrought and is a key study period for characterising the
sensitivity of El Nino-Southern Oscillation (ENSO) ˜ to external forcing. Recent studies have suggested
ENSO as a possible driver of the ‘4.2ka event’ megadrought. This thesis aims to develop a deeper
understanding of ENSO in the mid-Holocene and investigate possible links between ENSO and the ‘4.2ka
event’. A Sr/Ca-SST record was generated from XM35, a fossil coral from Kiritimati Island in the equatorial
central Pacific that lived between 4.4-4.2 kyr BP and from which a δ 18O record has previously been
generated (McGregor et al. 2013). With paired measurements of Sr/Ca and δ 18O, sea surface
temperature (SST) and δ 18Osw (interpreted as a hydrological cycle proxy) can be reconstructed. The Sr/
Ca-SST results from XM35 show a 53% reduction in ENSO variance, supporting previous studies showing
that mid-Holocene ENSO was weaker relative to present. The Sr/Ca-SST record also shows a cooling
trend of approximately 1.5°C over the 175-year length of the record. Analysis of the temporal structure of
El Nino events at 4.4-4.2 kyr BP shows ˜ peaking of El Nino events in September, slightly earlier than in the
present-day climate. ˜ Temporal differences in El Nino events and the SST annual cycle are consistent
with ˜ the mid-Holocene precessional forcing model of Clement et al. (2000), which posits that midHolocene ENSO weakening was caused by insolation seasonality arising from precessional forcing. A cotiming of abrupt oceanic cooling shown in the XM35 Sr/Ca SST record with severe drought in southern
Asia from the ‘4.2ka event’ megadrought evidenced in a speleothem δ 18O record (Berkelhammer et al.
2013) supports expression of the ‘4.2ka event’ in the equatorial central Pacific. Although ENSO has
previously been hypothesised as an ultimate driver of the ‘4.2ka event’ (Toth & Aronson 2019; Walker et al.
2012), this thesis instead proposes that an abrupt tropical climate shift linked to ENSO and Pacific
Decadal Oscillation-like variability may have played a role in or driven the ‘4.2ka event’. The results from
XM35 indicate that further investigation of a ‘4.2ka event’ driver originating in the Pacific Ocean or
elsewhere in the low-latitudes is warranted.
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Abstract
The 6-3 kyr BP time period is characterised by enhanced precessional forcing and
an abrupt global climate event known as the ‘4.2ka event’ megadrought and is a key
study period for characterising the sensitivity of El Niño-Southern Oscillation (ENSO)
to external forcing. Recent studies have suggested ENSO as a possible driver of
the ‘4.2ka event’ megadrought. This thesis aims to develop a deeper understanding
of ENSO in the mid-Holocene and investigate possible links between ENSO and the
‘4.2ka event’. A Sr/Ca-SST record was generated from XM35, a fossil coral from
Kiritimati Island in the equatorial central Pacific that lived between 4.4-4.2 kyr BP and
from which a δ18 O record has previously been generated (McGregor et al. 2013). With
paired measurements of Sr/Ca and δ18 O, sea surface temperature (SST) and δ18 Osw
(interpreted as a hydrological cycle proxy) can be reconstructed. The Sr/Ca-SST results
from XM35 show a 53% reduction in ENSO variance, supporting previous studies
showing that mid-Holocene ENSO was weaker relative to present. The Sr/Ca-SST
record also shows a cooling trend of approximately 1.5°C over the 175-year length of
the record. Analysis of the temporal structure of El Niño events at 4.4-4.2 kyr BP shows
peaking of El Niño events in September, slightly earlier than in the present-day climate.
Temporal differences in El Niño events and the SST annual cycle are consistent with
the mid-Holocene precessional forcing model of Clement et al. (2000), which posits
that mid-Holocene ENSO weakening was caused by insolation seasonality arising from
precessional forcing. A co-timing of abrupt oceanic cooling shown in the XM35 Sr/CaSST record with severe drought in southern Asia from the ‘4.2ka event’ megadrought
evidenced in a speleothem δ18 O record (Berkelhammer et al. 2013) supports expression
of the ‘4.2ka event’ in the equatorial central Pacific. Although ENSO has previously
been hypothesised as an ultimate driver of the ‘4.2ka event’ (Toth & Aronson 2019;
Walker et al. 2012), this thesis instead proposes that an abrupt tropical climate shift
linked to ENSO and Pacific Decadal Oscillation-like variability may have played a role in
or driven the ‘4.2ka event’. The results from XM35 indicate that further investigation of
a ‘4.2ka event’ driver originating in the Pacific Ocean or elsewhere in the low-latitudes is
warranted.
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1

Introduction

El Niño-Southern Oscillation (ENSO) is the strongest mode of interannual climate
variability globally and has significant impacts on global climatology, ecology and social
livelihoods. ENSO events can dramatically re-organise the distribution of sea surface
temperature (SST) and rainfall in the tropical Pacific and teleconnected regions and
also have significant impacts on upwelling, global atmospheric circulation and the
occurrence of extreme weather events worldwide (Cane 2005). Despite the importance
of ENSO, its potential response to altered radiative forcing of the Earth climate system
is not well-constrained, with significant uncertainty in how ENSO variability and event
frequency will change in the future under anthropogenic greenhouse gas forcing (Collins
et al. 2010; Stevenson et al. 2011). By characterising ENSO during past climates that
had altered orbital forcing or other significant climate perturbations, uncertainties in
modelling future ENSO can be reduced through data-model comparison (Brown et al.
2008b).

A time period of particular focus for paleo-ENSO reconstruction is the mid-Holocene
(8.2-4.2 kyr BP (Walker et al. 2018)). During the mid-Holocene, insolation seasonality
was enhanced in the northern hemisphere due to precessional forcing (Berger &
Loutre 1991; Clement et al. 2000). Paleoclimate records and climate modelling of
the mid-Holocene indicate reduced ENSO variability, although modelling does not
reproduce the magnitude of ENSO reduction reconstructed in paleoclimate records
(Brown et al. 2008a). Also of interest is tropical climate and ENSO variability at the
boundary between the mid-Holocene and the late Holocene (4.2 kyr BP-present (Walker
et al. 2018)). The boundary between the mid- and late Holocene is defined by an abrupt
global climate event known as the ‘4.2ka event’ megadrought, an event that featured
significant hydroclimate change in tropical/subtropical regions and caused somewhat
synchronous civilisational collapse across several different regions (Weiss 2016).
Atypical for Holocene climate events, there appears to have been no high-latitude
forcing mechanism for this event as there is limited expression of the ‘4.2ka event’ in
high-latitude ice core records (Walker et al. 2012; Wanner et al. 2011).
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The strong expression of this event in the mid- and low-latitudes has led to the
hypothesis of a low-latitude forcing mechanism for the ‘4.2ka event’ (Walker et al. 2012).
Specifically, it has been posited that ENSO could have played a pivotal role in the ‘4.2ka
event’ (Marchant & Hooghiemstra 2004; Toth & Aronson 2019). An increase in ENSO
variability onwards from approximately 4 kyr BP evidenced in several paleoclimate
records (e.g. Carré et al. (2014) and Koutavas & Joanides (2012)) and a shut-down
in reef accretion in the tropical EP onwards from approximately 4.3 kyr BP (Toth et al.
2012) suggests of possible linkages between ENSO and the ‘4.2ka event’. Despite
this, there are scant high-resolution tropical Pacific paleoclimate records at this time
and limited evidence to support that the ‘4.2ka event’ originated in or was strongly
expressed in the Pacific.

However, there are several fossil coral stable oxygen isotope (δ18 O) records from
Kiritimati Island in the equatorial central Pacific dated within this time period of abrupt
global climate change (Cobb et al. 2013; McGregor et al. 2013). No expression of the
‘4.2ka event’ was indicated in these records, although δ18 O is influenced by both SST
and seawater δ18 O (δ18 Osw ), which fluctuates in accordance with hydroclimate variability
(Cahyarini et al. 2008). While δ18 O at Kiritimati Island is predominantly influenced by
SST (McGregor et al. 2011), the strong hydroclimate aspect of the ‘4.2ka event’ may
have confounded expression of the event in the original δ18 O records. The Sr/Ca ratio
in corals is a proxy for SST that is not influenced by δ18 Osw (de Villiers et al. 1994).

For this study, a Sr/Ca record was generated from the XM35 fossil coral, a Porites
sp. microatoll that lived for approximately 175 years between 4.4-4.2 kyr BP from
which a δ18 O record has previously been generated by McGregor et al. (2013).
SST was reconstructed from Sr/Ca using a calibration equation derived from modern
microatoll Sr/Ca (McGregor et al. 2011) and δ18 Osw was calculated from the paired
measurements of δ18 O and Sr/Ca using the centering method (Cahyarini et al. 2008).
These records were then compared to the modern instrumental SST and modern coral
Sr/Ca, δ18 O and δ18 Osw records from Kiritimati Island. Using these records, an in-depth
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characterisation of ENSO at 4.4-4.2 kyr BP and comparison with present-day ENSO
and other mid-late Holocene paleoclimate records was performed. The results suggest
that ENSO variability was 53% reduced in the mid-Holocene compared to present and
that insolation seasonality may have played a determinant role in mid-Holocene ENSO
weakening, reduced amplitude of the SST annual cycle and earlier peaking of El Niño
events relative to present. Results indicate that the ‘4.2ka event’ was expressed in the
tropical Pacific through abrupt oceanic cooling. An abrupt tropical climate shift linked
to Pacific Decadal Oscillation-like variability and ENSO is suggested as a plausible
scenario for a driver of the ‘4.2ka event’ that originated in the tropical Pacific.

3

2

Literature Review

2.1

Tropical Pacific climate and El Niño-Southern Oscillation

2.1.1

Tropical Pacific climate

The tropical Pacific features numerous components and modes of climate variability
that determine its mean climate state. The mean climate state of the tropical Pacific
is characterised by warm SSTs in the western Pacific (WP) and a cool SST ‘cold
tongue’ in the eastern Pacific (EP), creating an east-west SST gradient where SSTs
in the equatorial EP are typically 4°C cooler than the equatorial WP (Cane 2005; Clarke
2008). The region of typically warm SSTs, increased sea surface heights and intensive
convection in the WP is known as the Indo-Pacific Warm Pool (IPWP), which is defined
by SSTs of 28°C or more (Yan et al. 1992). Another major component of tropical Pacific
climate is coupling of the east-west SST gradient with an atmospheric pressure gradient
across the Pacific known as the Walker Circulation. This gradient consists of high sea
level pressure (SLP) in the EP and the central Pacific (CP) and low SLP in the WP, which
creates easterly wind stress. This easterly wind stress drives upwelling of cold, nutrient
rich water in the EP and couples with high SST in the WP to intensify convection in the
WP (Clarke 2008). Thus, the Walker Circulation features intensive convection of moist
air in the WP followed by subsidence of dry air in the EP (Figure 1a) (Bjerknes 1969).

Figure 1: The configuration of SSTs, the thermocline, upwelling and Walker Circulation during
neutral ENSO conditions (a) and an El Niño event (b). Figure from Collins et al. (2010).
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Another dynamic component of the tropical Pacific is the depth of the thermocline. The
thermocline is a dynamic vertical temperature gradient operating in approximately the
upper 300m of the tropical Pacific Ocean and is typically defined through an isotherm
of 20°C (Yang & Wang 2009). In the tropical EP, the typically steeper profile of the
thermocline in this region facilitates the upwelling of nutrient rich water (Bjerknes 1969).
The Walker Circulation and its associated easterly wind stress acts to further cool SSTs
in the EP and shoal thermocline depth in the EP (Bjerknes 1969; Cane 2005). These
coupled components of the tropical Pacific create a positive feedback loop known as
the Bjerknes Feedback, where the east-west SST gradient enhances easterly wind
stress in the tropical Pacific, which acts to further sustain the east-west SST gradient
(Bjerknes 1969; Cane 2005). The interaction of these components comprise the mean
climate state of the tropical Pacific Ocean. The operation of these components can be
substantially modified by shifts in ENSO, the dominant mode of climate variability in the
Pacific and the strongest mode of interannual climate variability globally (Bjerknes 1969;
Clarke 2008).
2.1.2

El Niño-Southern Oscillation

ENSO can dramatically reorganise SST, the Walker Circulation, wind strength and
direction, thermocline-related upwelling and precipitation distribution throughout the
Pacific, which can then have significant ramifications for ecosystems, human agriculture
and extreme weather events in the tropical Pacific (Clarke 2008).

ENSO is also

associated with significant climate shifts beyond the tropical Pacific due to climate
teleconnections (Evans et al. 1998). Although El Niño/La Niña events and the Southern
Oscillation (the atmospheric component of ENSO) were first treated as separate
oceanic and atmospheric phenomena respectively (Walker 1923), their interconnected
relationship and its characteristic ocean-atmospheric coupling as part of a Pacific
Ocean basin-wide mode of climate variability was first documented by Bjerknes (1969),
after which it became known as El Niño-Southern Oscillation.

ENSO can be characterised into three distinct event phases. A neutral ENSO phase is
equivalent to the mean climate state of the Pacific as previously described (Figure 1a).
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El Niño events however, are associated with several dramatic changes in the tropical
Pacific. In the atmosphere, it is characterised by a weakening or reversal of easterly
trade winds in the Pacific and the disruption of the Walker Circulation, which causes
intensified convection and higher rainfall in the CP and EP. In the tropical CP and EP
ocean, anomalously warm SSTs, a deeper thermocline and suppressed upwelling
occur (Figure 1b) (Bjerknes 1969; Clarke 2008). In the WP during an El Niño event,
cooler than usual SSTs and reduced precipitation are experienced (Cane 2005). A La
Niña event is similar to the neutral ENSO phase and commonly follow El Niño events,
and feature an intensification of the Walker Circulation, further cooling and drying of
the CP/EP and constraint of the IPWP’s spatial area (Clarke 2008). SST differences
between the EP and CP can be as much as 10°C during a La Niña event (Cane 2005).

ENSO events occurs every four years on average, with an occurrence interval of 2-8
years and a typical event length of approximately one calendar year (Cane 2005).
ENSO events are “phase-locked” to the annual cycle, with ENSO events persistently
featuring growth, peak and decay at the same time of the calendar year for each event
(Clarke 2008). Modern El Niño events feature emergence and growth during boreal
summer and autumn, a peak in boreal winter and decay in boreal spring when an El
Niño event is experienced (Clarke 2008). Modern La Niña events feature emergence in
the boreal spring typically following an El Niño event, followed by event growth through
the boreal summer and autumn, a peak in the boreal winter and a sharp decay through
the following boreal spring (Clarke 2008). The mechanisms that trigger ENSO events
and determine their frequency and strength are highly complex which contributes to
significant uncertainty in ENSO event prediction. Several conceptual models have been
proposed for development of ENSO events, of which the delayed oscillator model is
most commonly cited (Battisti & Hirst 1988; Schopf & Suarez 1988).

The delayed oscillator theory is summarised below from Battisti & Hirst (1988), Kayano
et al. (2005), and Schopf & Suarez (1988). The first stage of the delayed oscillator
theory is that as easterly wind stress weakens in the tropical CP and EP, warm water
from the WP is displaced eastwards through an equatorial Kelvin wave. An equatorial
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Kelvin wave is a non-dispersive wave that balances the Coriolis force of the northern and
southern hemisphere and travels eastwards with the the equator acting as a waveguide
(Battisti & Hirst 1988). This Kelvin wave takes roughly two months to reach eastern
edge of the Pacific basin and acts to raise sea level height and deepen the thermocline
as it travels eastwards. An equatorial Rossby wave is a dispersive inertial wave of
lower amplitude and longer wavelength than an equatorial Kelvin wave, and thus take
longer to travel across an oceanic basin (Battisti & Hirst 1988; Schopf & Suarez 1988).
The initial equatorial Kelvin wave that reaches the EP basin edge generates equatorial
Rossby waves that take roughly six months to reach the western edge of the Pacific
basin and act to shoal the thermocline of the WP, creating the underlying conditions
for an El Niño event. As the equatorial Rossby waves reach the western edge of the
Pacific basin, a second Kelvin wave is generated that raises the thermocline of the
CP and EP as it travels eastwards, which acts to end the El Niño event. This process
takes approximately one year and commonly causes La Niña events to follow El Niño
events. Complementing the delayed oscillator theory is the recharge oscillator theory,
which posits ocean heat build-up and discharge as an underlying mechanism for ENSO
events rather than wave propogation (Jin 1997). The unified oscillator model attempts
to incorporate the physical mechanisms of several different models, as ENSO is likely
impacted to some extent by all the mechanisms proposed (Wang 2001). The array of
conceptual models proposed with varying mechanisms that impact ENSO underscores
the complexity of ENSO dynamics and at least partially explain the high intrinsic
variability of ENSO.

The significant intrinsic variability of ENSO makes short-term forecasting of ENSO
events challenging and creates significant uncertainty in long-term modelling of ENSO
behaviour under past and future climates (Collins et al. 2010).

For ENSO event

prediction, forecasting skill is significantly reduced in the months before or during the
boreal spring that precedes an ENSO event (Clarke 2008; Levine & McPhaden 2015).
This is shown by reduced persistence of sea surface temperature anomalies (SSTA)
at this time, where SSTA values are not as closely related to SSTA values in previous
months, contrasting with the persistence featured in the latter half of the calendar year
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(Figure 2). The reduction in forecasting skill at this time of the year is known as the
Spring Persistence Barrier (Levine & McPhaden 2015; Torrence & Webster 1998).
Another aspect of ENSOs intrinsic variability is its association with abrupt tropical
climate shifts, such as occurred in 1976-77 (Guilderson & Schrag 1998). After the
1976-77 abrupt tropical climate shift, El Niño events became more intense and frequent
in the decades following (Guilderson & Schrag 1998). ENSOs behaviour under a future
climate subject to anthropogenic greenhouse gas forcing and associated warming is
uncertain (Collins et al. 2010), which exemplifies the need to develop high-resolution
records from the tropical Pacific to examine paleo-ENSO behaviour under different
climate states.

Figure 2: Averaged month by month correlation of SSTAs in the NINO3.4 region from 1979 to
2014. Figure from Levine & McPhaden (2015).

An emerging feature of ENSO variability is alternative “flavours” of ENSO, which feature
alternative changes to the configuration of SSTs and rainfall in the tropical Pacific
compared to a canonical ENSO event. El Niño Modoki events (also known as ‘Central
Pacific El Niño’) involve anomalously warm SSTs developing in the CP with anomalously
cool SSTs developing in the WP and EP (Figure 3) (Ashok & Yamagata 2009). La Niña
Modoki events consist of anomalously cool SSTs in the CP with anomalously warm
SSTs developing in the WP and EP (Ashok & Yamagata 2009). Modoki ENSO events
8

exhibit different periods of growth and decay compared to canonical ENSO events, with
El Niño Modoki emerging in Sep-Oct-Nov rather than Jun-Jul-Aug (Ashok et al. 2017).
Weaker easterly trade winds, a shallower thermocline and solar radiation peaks have
been identified as possible driving mechanisms for the emergence of an ENSO Modoki
event (Ashok et al. 2017; Huo & Xiao 2017). ENSO Modoki events have increased
in frequency over the 20th and 21st century (Yeh et al. 2009), an important caveat in
comparison of proxy records with modern instrumental records. Currently there is limited
evidence of ENSO Modoki in the proxy record, although ENSO flavours featuring cold
events in the EP and anomalous warming in the CP have been interpreted from fossil
mollusks (Carré et al. 2014). Thus, it is important to consider the possibility of alternative
ENSO flavours in interpretation of paleo-ENSO from paleoclimate records.

Figure 3: Comparison of regular ENSO events and Modoki ENSO events. Figure from Ashok &
Yamagata (2009).

2.2

El Niño-Southern Oscillation in the mid-late Holocene

Despite the importance of ENSO to global climatology the response of ENSO
to anthropogenic greenhouse gas forcing is not well-constrained, with significant
uncertainty as to whether ENSO variability will be dampened or enhanced, how ENSO
9

event frequency may change and if an El Niño-like or La Niña-like mean state will be
experienced (Collins et al. 2010; Stevenson et al. 2011). To address this knowledge
gap, paleoclimate records from tropical regions where ENSO is the dominant mode of
climate variability can be used to characterise the response of ENSO to periods of past
climate perturbation and its behaviour under differing forcings, and subsequently use
proxy data for data-model comparison to improve modelling (Brown et al. 2008b). Proxy
records show that ENSO or ENSO-like variability has existed as a mode of climate
variability since at least the mid-Pliocene (Haywood et al. 2016; Ravelo et al. 2004),
however the Holocene epoch (defined as 11.7 thousand years before present (kyr
BP) to the present) is a strong focus area for paleo-ENSO research due to the more
comparable climate of this time to the present compared to other time periods in Earth’s
history. Additionally, the more subtle climate changes of the Holocene compared to
glacial-interglacial shifts provide a greater challenge in refining model uncertainty and
sensitivity to certain parameters (Brown et al. 2008b). The mid-Holocene is a particular
focus area for paleo-ENSO reconstructions and modelling as the climate state of Earth
was somewhat similar to present albeit with several key differences (Wanner et al. 2008).

The mid-Holocene is defined as 8.2-4.2 kyr BP and the late Holocene is defined as
4.2 kyr BP-present (Walker et al. 2018).

The most notable climate feature of the

mid-Holocene is the precessional cycle of Earth (featuring changes to the orientation
of Earth’s rotational axis) causing enhanced insolation seasonality in the mid-Holocene
(Figure 4) (Berger & Loutre 1991; Clement et al. 2000). In this study the 6-3 kyr BP
time period is of particular focus, as the XM35 fossil coral analysed for this study sits
astride the mid-late Holocene boundary (McGregor et al. 2013; Walker et al. 2018).
An upper bound of 6 kyr BP was selected as melting of the northern hemisphere polar
ice sheets ceased by 6 kyr BP (Fairbanks 1989). A lower bound of 3 kyr BP was
selected to be inclusive of the abrupt global climate event known as the ‘4.2ka event’
megadrought that defines the mid-late Holocene boundary and subsequent changes
in Earth boundary conditions (Steig 1999; Walker et al. 2012). Although 6-3 kyr BP is
of particular focus, several mid-Holocene paleoclimate records are discussed where
relevant. Currently, paleoclimate records and modelling of the mid-Holocene indicate
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reduced ENSO variability in the mid-Holocene, although there is discrepancy in the
magnitude of ENSO reduction indicated (Brown et al. 2008b). In the pre-industrial
late Holocene, there is substantial evidence of increased ENSO variability that is
comparable to present-day ENSO variability (Koutavas & Joanides 2012; Walker et al.
2012).

Figure 4: Insolation anomaly by month relative to present across the Holocene with the figure
key illustrated in the February subfigure. Figure from Bradley et al. (2003).

2.2.1

Global climate and environmental change in the mid-late Holocene

An examination of paleo-ENSO needs to be contextualised against the global climate
of the time period studied. While the most notable climate feature of 6-3 kyr BP is
enhanced insolation seasonality in the northern hemisphere (Figure 4), other notable
changes occurred at this time in the tropics and elsewhere. Globally, changes to
Earth boundary conditions such as vegetation distribution, ice extent and atmospheric

11

chemistry have been evidenced in numerous paleoclimate records (Wanner et al.
2008). Land temperatures were cooler particularly at high latitudes relative to the
early Holocene (defined as 11.7-8.2 kyr BP (Walker et al. 2018)), although they were
warmer than the pre-industrial late Holocene (Steig et al. 1998; Steig 1999). The East
Asian Summer Monsoon (EASM) progressively weakened through 6-3 kyr BP due to
precessional forcing (Wang et al. 2005). Ice extent was substantially reduced compared
to the early Holocene, as postglacial melting continued from the early Holocene until
6 kyr BP(Bard et al. 2010; Fairbanks 1989). Sea ice cover was also reduced relative
to the early Holocene (Mayewski et al. 2004), although there was significant cooling
at high latitudes in both the northern and southern hemisphere at approximately 5
kyr BP (Hodell et al. 2001; Jennings et al. 2002). Globally, vegetation distribution
was substantially different (Mancini et al. 2005; Steig 1999). Atmospheric CO2 was
slightly higher relative to the early Holocene and comparable to pre-industrial late
Holocene atmospheric CO2 , which low-latitude changes in vegetation distribution may
have contributed to (Indermühle et al. 1999; Wanner et al. 2008).
2.2.2

The tropics in the mid-late Holocene

Climate and environmental changes in the tropics are a key consideration, as they
alter the boundary conditions that ENSO operates within. Changes to the tropical
convergence zones are indicated at 6-3 kyr BP. The Atlantic ITCZ was positioned
further north than present for much of the Holocene as a result of precessional
forcing, with a southwards shift occurring in the late Holocene as northern hemisphere
insolation became less seasonal (Haug et al. 2001). Its position was more variable
than present (Haug et al. 2001). High variability in the Atlantic ITCZ at 3.5-2.8 kyr BP
is attributed to enhanced ENSO operation at this time (Haug et al. 2001). There is
less consensus with regards to the mean position of the Pacific ITCZ. Although a more
northwards than present Pacific ITCZ would be consistent with enhanced insolation
seasonality in the northern hemisphere and is stated as such by several studies (Abram
et al. 2009; Wang et al. 2005), lake sediments from Palau and a speleothem from
Borneo indicate that the Pacific ITCZ migrated south during the mid-Holocene and was
further south than the early Holocene or the present-day (Chen et al. 2016; Sachs
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et al. 2018). A composite study of ice core and speleothem δ18 O records also indicates
that the tropical rain belts were more south than present from 8-3 kyr BP (Seltzer
et al. 2017). Similar to the Atlantic ITCZ, Pacific ITCZ position was likely more variable
at 4-3 kyr BP (Sachs et al. 2018). Changes in the South Pacific Convergence Zone
(SPCZ) in the mid-Holocene is hypothesised. Modelling indicates that the SPCZ was
shifted relatively southwest and that SPCZ-related precipitation was lower during the
austral summer at 6 kyr BP, particularly at the northern extent of the SPCZ (Mantsis
et al. 2013). In modern times, the SPCZ is typically at peak intensity during the austral
summer (Mantsis et al. 2013). Mid-Holocene changes in the SPCZ were attributed to
a SST dipole of cooler SSTs in the north and warmer SSTs in the south of the SPCZ
region and to weakening of the Australian monsoon (Mantsis et al. 2013). A notable
hydroclimate transition occurred in the tropics at approximately 4 kyr BP, with persistent
changes to global moisture distribution and extreme drought conditions indicated in
several regions globally (Marchant & Hooghiemstra 2004; Walker et al. 2012; Weiss
2016).

Figure 5: The position of the Atlantic ITCZ at 4.5-3.5 kyr BP shown in the Ti% of laminated
sediments from the Cariaco Basin (Haug et al. 2001).
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There is no cohesive picture of the mean climate state of the Pacific during the
mid-Holocene provided by paleoclimate records. However, several records indicate
key differences in the tropical WP and EP. In the tropical EP, there was an enhanced
north-south SST gradient between 2°S and 8°N from 5-4 kyr BP, followed by a reduction
of this gradient between 4-3 kyr BP (Koutavas & Joanides 2012). A low-resolution
Sr/Ca, δ18 O, δ18 Osw and radiocarbon reef core record from the Gulf of Panama indicates
SSTs that were warmer than present at 4.9-4.5 kyr BP, followed by cooler SSTs at
3.9-3.6 kyr BP (Toth et al. 2015a). The reef core record also indicates a transition from
dry conditions at 4.9-4.5 kyr BP to wet conditions at 3.9-3.6 kyr BP (Toth et al. 2015a)
and enhanced upwelling commencing at 4.3 kyr BP in the tropical EP (Toth et al. 2015b).

In the tropical WP, a compilation of low-resolution fossil coral Sr/Ca records at the
present-day southern edge of the IPWP indicates SSTs that were 1-1.5°C cooler than
present from 5.5-4.3 kyr BP (Figure 6) (Abram et al. 2009). From 4.3 kyr BP onwards,
SSTs similar to or warmer than present are indicated, although there is reduced data for
this period. These results were not attributed to a IPWP-wide cooling, but to changes in
the southern extent of the IPWP (Abram et al. 2009). Fossil coral records from Vanuatu
indicate SSTs at 6 kyr BP that were 1.2°C higher than present, which had cooled to
near present values by 4 kyr BP (Beck et al. 1997; Gagan et al. 2000). A Great Barrier
Reef fossil coral indicates SSTs that were 1.2°C warmer than present at 5.35 kyr BP
(Gagan et al. 1998) and an Indonesian fossil coral indicates SSTs that were 0.5°C
warmer than present at 4.3 kyr BP (Gagan et al. 2000). Despite limited information
on the mean climate state of the Pacific at 6-3 kyr BP, several key climate differences
from the present-day are indicated, such as changes to tropical convergence zones and
zonal and meridional SST gradients.
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Figure 6: A time series of SST in the mid-Holocene through to the late Holocene at the
present-day southern edge of the IPWP (a), with filled circles representing records from the
southwestern edge and open circles representing records from the southeastern edge (Abram
et al. 2009). These records are compared with the Dongge Cave speleothem δ18 O record (b)
from southern Asia which is indicative of Asian Monsoon strength (Wang et al. 2005). Figure
from Abram et al. (2009).

2.2.3

Paleoclimate records and modelling of El Niño-Southern Oscillation in the
mid-late Holocene

Reduced ENSO variability in the mid-Holocene is indicated by numerous paleoclimate
records such as fossil corals (McGregor & Gagan 2004; Tudhope et al. 2001),
fossil mollusks (Carré et al. 2014), foraminifera (Koutavas & Joanides 2012) and
lake sediments (Conroy et al. 2008).

Reduced ENSO variability is also indicated

in climate modelling of the mid-Holocene, with both idealised model simulations
of the tropical Pacific (e.g. Clement et al. (2000)) and coupled general circulation
climate models showing ENSO weakening relative to present (Brown et al. 2008a).
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It has been suggested that mid-Holocene ENSO weakening is directly related to
enhanced insolation seasonality in the mid-Holocenes (Clement et al. 2000; Tian et al.
2017). Specifically, the tropical Pacific experienced relatively increased insolation from
June-November and relatively decreased insolation from December-May compared
to present (Figure 7 (Berger & Loutre 1991; McGregor et al. 2013)). It has been
speculated that increased ENSO variability after 4-3.5 kyr BP was due to orbital forcing
changes, as insolation gradually shifted closer to present through the late Holocene
(Clement et al. 2000). However, there is disagreement between paleoclimate records
and climate modelling of mid-Holocene and the 6-3 kyr BP time period with regards
to the magnitude of ENSO variance reduction, with mixed interpretations of specific
ENSO behaviour and associated interactions with other climate dynamics at this time
(Brown et al. 2008a).

Figure 7: Insolation comparison between the mid-Holocene (4.3kyBP) and the present. Figure
from McGregor et al. (2013) utilising data from Berger & Loutre (1991).

Paleo-ENSO in the Eastern Pacific
Numerous low-resolution paleoclimate records that span much of the Holocene are
available from the tropical EP. A record providing key insights into paleo-ENSO of
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the mid-Holocene is an ensemble of foraminifera δ18 O records from the equatorial EP
(Koutavas & Joanides 2012). This record indicates reduced ENSO variance in the early
and mid-Holocene, with particular ENSO weakening at 6-4 kyr BP(Figure 8). Onwards
from approximately 4-3.5 kyr BP, an increase in ENSO variance comparable to 20th
century values are apparent. Mechanisms relating to changed precessional forcing
were proposed as the cause of ENSO weakening evident in these records, although the
transition towards increased ENSO variability in the late Holocene was not examined
in depth (Koutavas & Joanides 2012). SST reconstruction from fossil mollusks in the
tropical EP supports these findings (Carré et al. 2014). Lake sediments from the EP
also support reduced ENSO variance in the mid-Holocene followed by increased ENSO
variance onwards from approximately 4 kyr BP in the late Holocene (Conroy et al. 2008;
Moy et al. 2002; Rodbell et al. 1999). Another record also supports this and indicates
increased precipitation onwards from 4 kyr BP (Thompson et al. 2017). Although the
tropical EP can experience climate variability that is asymmetric to the tropical WP and
CP (Carré et al. 2014), past studies suggest substantially reduced mid-Holocene ENSO
variability followed by enhanced ENSO variability in the late Holocene.

Figure 8: ENSO variability across the Holocene and Last Glacial Maximum as recorded by
planktonic foraminifera δ18 O in a tropical EP marine sediment core (Koutavas & Joanides
2012). A weakened mid-Holocene ENSO is evidenced in low δ18 O variance with an apparent
increase in δ18 O variance and ENSO activity in the late Holocene. Figure from Koutavas &
Joanides (2012).

Paleo-ENSO in the Western Pacific
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In the tropical WP, evidence broadly supports mid-Holocene ENSO weakening, with
limited evidence suggesting increased ENSO variability in the late Holocene. A fossil
coral δ18 O record from Papua New Guinea indicates low ENSO variability at 7.6-5.4
kyr BP compared to ENSO variability at 2.5-1.7 kyr BP and the present-day (McGregor
& Gagan 2004). Reduced ENSO variability at 6.5 kyr BP is also indicated in another
study of fossil corals from Papua New Guinea (Tudhope et al. 2001). Collectively, the
records from McGregor et al. (2011) and Tudhope et al. (2001) indicate ENSO variance
that was 30-60% reduced compared to the present (Brown et al. 2008a). Findings from
a Vanuatu fossil coral record suggest substantially enhanced ENSO variability relative
to present at 4.1 kyr BP, along with several significant cooling episodes (Corrège
et al. 2000). However, the Corrège et al. (2000) record was not subject to diagenetic
screening and it is located outside of the core ENSO region. Evidence from the tropical
WP supports substantially reduced ENSO variability in the mid-Holocene (McGregor
& Gagan 2004; Tudhope et al. 2001), although further fossil coral records subject to
diagenetic screening would assist in clarifying late-Holocene ENSO variability and the
nature of ENSO and climate variability at approximately 4 kyr BP.

Paleo-ENSO in the Central Pacific
In the tropical CP, several high-resolution paleoclimate records of ENSO in the mid-late
Holocene are available from fossil coral δ18 O records. The XM35 fossil coral is a Porites
sp. microatoll from Kiritimati Island that lived for 176 years between 4.4-4.2 kyr BP
from which a high-resolution δ18 O record has been generated (McGregor et al. 2013).
An ensemble of fossil coral δ18 O records from Fanning and Kiritimati Island spanning
30-70 year long discrete intervals from the mid-Holocene to the present have also
been generated (Cobb et al. 2013). However, these two studies provide a significantly
different picture of mid-late Holocene ENSO variability. The Cobb et al. (2013) records
indicate that a highly variable ENSO was present throughout the Holocene, from which
it was interpreted that any response of ENSO to external forcing is overshadowed
by the magnitude of ENSOs internal variability (Cobb et al. 2013). This is broadly
inconsistent with numerous modelling studies and paleoclimate records (Clement
et al. 2000; Koutavas & Joanides 2012; Tudhope et al. 2001), although it is somewhat
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consistent with findings from a statistical analysis of a network of tropical Pacific
records (Emile-Geay et al. 2016). Emile-Geay et al. (2016) argued that orbital forcing
may not have had direct impacts on the tropical Pacific in the mid-Holocene, although
substantially reduced ENSO variability from 5-3 kyr BP was found.

Conversely, the snapshot of ENSO in the mid-Holocene provided by the XM35 fossil
coral δ18 O record at 4.4-4.2 kyr BP shows a substantially weakened ENSO in the
mid-Holocene (Figure 9).

This record was interpreted to be indicative of ENSO

sensitivity to external forcing (McGregor et al. 2013). Other findings from the XM35
coral include a strengthened annual cycle of SST in the mid-Holocene and suppression
of El Niño events in their growth phase (September-November) (McGregor et al. 2013).
Findings from the XM35 fossil coral are broadly consistent with findings from other
studies that indicate ENSO weakening in the mid-Holocene (e.g. Koutavas & Joanides
(2012)). The fossil corals in both Cobb et al. (2013) and McGregor et al. (2013) were
subject to diagenetic screening, although several of the fossil corals used for statistical
analysis in Cobb et al. (2013) featured moderate alteration and were rated as being in
poor condition. The XM35 fossil coral was classified as being excellently preserved
(McGregor et al. 2013). Other fossil coral records from Kiritimati Island indicate weak
ENSO variability from 3.8-2.8 kyr BP (Woodroffe et al. 2003) and ENSO variability
at 1.7 kyr BP that was similar to present (Woodroffe & Gagan 2000). While much
of the research on paleo-ENSO variability in the mid- and late Holocene supports
a weakened ENSO in the mid-Holocene followed by increased variability in the late
Holocene, the conflicting findings of several studies (Cobb et al. 2013; Emile-Geay et al.
2016), temporal discrepancies in when these periods of high/low variability took place
and uncertainty in the nature of ENSO at this time underscores the need for further
high-resolution climate reconstructions from the tropical Pacific.
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Figure 9: A comparison of Kiritimati Island modern coral δ18 O (a), instrumental SST at Kiritimati
Island (b) and δ18 O from the XM35 fossil coral (c) with bold lines being the 2-8yr bandpass
filtering plus the trend dataset extracted from the records (McGregor et al. 2013). Figure from
McGregor et al. (2013).

Paleo-ENSO Data-Model Comparison
Numerous coupled general circulation models, intermediate coupled models and
simpler numerical models support reduced ENSO variability in the mid-Holocene,
although they typically do not recreate the amplitude of weakening as seen in
paleoclimate records (Lu et al. 2018). Of an ensemble of twenty eight climate models
that participated in the Paleoclimate Modelling Intercomparison Project (PMIP), twenty
produce weaker than pre-industrial ENSO variability for the mid-Holocene ranging
from 2-21% (Tian et al. 2017). Conversely, WP fossil coral δ18 O records indicate a
reduction in mid-Holocene ENSO amplitude of 30-60% (Brown et al. 2008a; McGregor
& Gagan 2004; Tudhope et al. 2001).

Simpler numerical modelling by Clement

et al. (2000) showed a weakening of ENSO variability in the mid-Holocene, although
another model of comparable complexity indicated no substantial change in ENSO
variability relative to present (Otto-Bliesner 1999). Several models replicate the trend
of increasing ENSO variability from the mid-Holocene to the late Holocene as seen
in paleoclimate records. In the TRACE21 simulation, ENSO variability increased by
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15% in the late Holocene compared to the mid-Holocene (Liu et al. 2014), a trend that
the Clement et al. (2000) simulation replicates. Climate models broadly replicate the
paleoclimate record trends in ENSO variability at 6-3 kyr BP, although the magnitude
of ENSO weakening indicated in paleoclimate records is not recreated (Tian et al. 2017).

There is disagreement between models as to the mean climate state of the tropical
Pacific in the mid-late Holocene. The HadCM3 model (Brown et al. 2008b), several
models from the PMIP (An & Choi 2014), the CSIRO Mk3L model (Phipps et al. 2011)
and several simpler numerical models (Clement et al. 2000; Liu 2002; Otto-Bliesner
1999) indicate cooler SSTs in the equatorial CP and EP for the mid-Holocene relative to
present. Conversely, several coupled general circulation models indicate warmer SSTs
in the tropics and cooler SSTs in the extratropics over the mid-late Holocene (Lorenz
et al. 2006; Tian et al. 2017). Significant uncertainty in modelling of the mean climate
state of the tropical Pacific in the mid-late Holocene exists for which there is no obvious
explanation. This uncertainty could be reduced through additional mid-late Holocene
paleoclimate records of the tropical Pacific and further data-model comparison.

A variety of mechanisms have been proposed for ENSO weakening in the midHolocene, with most of them linking precessional forcing and reduced ENSO variability.
The range of mechanisms proposed could be due to the different model physics and
parameters used. For example, parameters representing heat and freshwater flux at
the ocean-atmosphere interface can be different between models (Braconnot et al.
2012) and assumptions made such as vegetation distribution in the mid-Holocene being
similar to present are likely not accurate and could have impacted ENSO indirectly
(Pausata et al. 2017). Trade-offs in climate modelling between model complexity and
simulation length are a complicating factor (Tian et al. 2017). There is a dearth of
high-resolution paleoclimate reconstructions at 6-3 kyr BP, which would give further
clues as to the dominant mechanism of mid-Holocene ENSO weakening and provide
further benchmarks for model simulations. One of the first proposed mechanisms for
ENSO weakening in the mid-Holocene is summarised below from Clement et al. (2000).
Occurrence of perihelion (the time when the Earth is closest to the sun) in June-July in
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the mid-Holocene caused zonally asymmetric heating of the equatorial Pacific for these
months. This induced easterly wind stress in the equatorial CP that acted to cool the
Pacific over subsequent months. Wind-stress induced cooling then acted to suppress
El Niño events during their crucial growth phase. Reduced influence of this mechanism
as insolation seasonality in the late Holocene became more similar to present was
proposed as the reason for increased ENSO variability in the late Holocene (Clement
et al. 2000). While Clement et al. (2000) was a landmark study in mid-Holocene ENSO
modelling, it uses a highly idealised model where key climate features of the Pacific
that interact with and influence ENSO are omitted, such as the zonal SST gradient, the
Asian Monsoon and conditions in the northern Pacific Ocean (Clement et al. 2000).

Other data-model comparison studies posit that warming of the thermocline and
weakening of the Bjerknes Feedback were the predominant mechanism linking
precessional forcing and reduced ENSO variability (White et al. 2018). The mechanisms
proposed in this study consist of warming of the tropical EP and enhanced warming
of the subtropical and mid-latitude southeast Pacific ocean during June-August that
caused thermocline deepening enhanced by relatively higher transport of water from
the southeast Pacific to the equator compared to water transport from the northeast
Pacific (White et al. 2018). This could have fundamentally weakened the Bjerknes
Feedback and reduced ENSO variability. Similar proposals suggest downwelling Kelvin
waves from weaker trade winds in boreal winter/spring as a mechanism for a deepened
thermocline and an associated reduction in ENSO variability (Karamperidou et al.
2015; White et al. 2018). Other proposed models suggest enhanced Asian monsoon
strength (Liu 2002; Tian et al. 2017) and reduced ocean-atmosphere coupling from
cooler SSTs (An & Choi 2014) as the predominant mechanism linking precessional
forcing and reduced ENSO variability. There is a variety of possible mechanisms linking
precessional forcing and ENSO variability in the mid-late Holocene, although support
appears strongest for a thermocline-based mechanism (White et al. 2018).

In review of the paleoclimate records and modelling of the tropical Pacific in the mid-late
Holocene, several key differences are apparent. Firstly, the mean climate state of the
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tropical Pacific in the mid-Holocene is unclear. While most models suggest cooler
SSTs throughout the tropical Pacific in the mid-Holocene, reef core Sr/Ca in the tropical
EP suggests warmer than present SSTs at 4.7-4.3 kyr BP(Toth et al. 2015a). SSTs
in the tropical WP appear to vary at multi-centennial scales, as there is evidence of
both warmer and cooler than present SSTs at 6-4 kyr BP in the WP (Abram et al.
2009; Gagan et al. 1998). Another key difference of interest is the magnitude of ENSO
weakening evidenced. For example, Papua New Guinea fossil corals indicate ENSO
activity that was 30-60% weaker than present (McGregor & Gagan 2004; Tudhope et al.
2001) in the mid-Holocene whereas an ensemble of models from the PMIP indicate
2-21% weaker ENSO activity in the mid-Holocene (Tian et al. 2017).

The timing

of shifts in ENSO variability through the mid-late Holocene is unclear (Emile-Geay
et al. 2016; Toth & Aronson 2019; Woodroffe et al. 2003). The differences in the
proposed mean climate state of the tropical Pacific in the mid-Holocene, models not
recreating the magnitude of ENSO weakening evidenced in paleoclimate records and
the variety of proposed mechanisms for ENSO weakening highlight the need for further
high-resolution paleoclimate records from the tropical Pacific, in addition to refining of
climate models. This will assist in developing a more cohesive picture of tropical Pacific
climate in the mid-Holocene and mid-late Holocene, including the nature of ENSO
variability at this time.

Despite these discrepancies between paleoclimate records and modelling of the tropical
Pacific in the mid-late Holocene, there are several broad similarities. Firstly, ENSO was
very likely to have been weaker as a mode of climate variability in the mid-Holocene.
Secondly, this weakening of ENSO in the mid-Holocene was very likely to be a product
of changes of mid-Holocene precessional forcing and increased insolation seasonality in
the northern hemisphere (Koutavas & Joanides 2012; Liu et al. 2014). Thirdly, compared
to reduced ENSO variability in the mid-Holocene, an inflection point of increased ENSO
variability appears to manifest in several records onwards from approximately 4 kyr BP
(e.g. Conroy et al. (2008)). This shift towards increased ENSO variability that is similar
to modern ENSO variability in the late Holocene is corroborated by numerous models
(An et al. 2018; Clement et al. 2000; Liu et al. 2014). Despite some uncertainties in
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timing, a possible linkage between increased ENSO variability at 4 kyr BP and the ‘4.2ka
event’ megadrought has been suggested (Toth & Aronson 2019; Walker et al. 2012) and
presents an intriguing area for research.
2.2.4

The ‘4.2ka event’ megadrought

This study aims to investigate expression of the ‘4.2ka event’ in the tropical Pacific and
any possible role of ENSO in the ‘4.2ka event’. The ‘4.2ka event’ occurred at 4.3-3.8
kyr BP and was experienced in many regions globally as a multi-centennial drought that
was severe enough to result in societal collapse (Weiss 2016). The ‘4.2ka event’ had
significant impacts on the mid and low latitudes, with substantial weakening of the Asian,
Indian and Australian monsoons (Denniston et al. 2013; Staubwasser et al. 2003) and
significant drought in the Middle East (Arz et al. 2006), Africa (Thompson et al. 2002)
and southern Asia (Staubwasser et al. 2003). However, regional expression of this event
appears complex, with both extreme floods and drought occurring in China (Huang et al.
2007) and mixed expression of the event in Europe (Roland et al. 2014). The impact of
the ‘4.2ka event’ was of such significance globally that the boundary of the mid-Holocene
and the late Holocene was recently demarcated through a southern Asian speleothem
that strongly expresses the event (Figure 10) (Berkelhammer et al. 2013; Walker et al.
2018). In this record, it was shown that there was a “two-step” signal of δ18 O enrichment
at approximately 4.3 kyr BP and 4.1 kyr BP corresponding to severe drought in southern
Asia associated with failure of the Indian Monsoon (Berkelhammer et al. 2013; Walker
et al. 2012). A midpoint age between these enrichment steps of 4.2 kyr BP was chosen
as the boundary of the mid-Holocene and the late Holocene (Walker et al. 2012; Walker
et al. 2018).
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Figure 10: The Mawmluh Cave speleothem δ18 O record that marks the boundary between the
mid-Holocene and the late Holocene through a “two-step” signal of δ18 O enrichment at 4.3 kyr
BP and 4.1 kyr BP, with a midpoint of 4.2 kyr BP being chosen as the boundary age (Walker
et al. 2012). δ18 O enrichment is indicative of Indian monsoon suppression and associated
drought (Berkelhammer et al. 2013). Figure from Walker et al. (2012) utilising data from
Berkelhammer et al. (2013).

Despite the strong global impact of the ‘4.2ka event’ and suggestions of a linkage with
ENSO (Toth & Aronson 2019), its expression in the tropical Pacific is not well known,
with limited paleoclimate records from this time. Several fossil coral δ18 O records from
Kiritimati Island in the equatorial CP overlap with the timing of the ‘4.2ka event’ (Cobb
et al. 2013; McGregor et al. 2013), although coral δ18 O convolves SST variability and
hydrological variability through seawater δ18 Osw . While SST is the dominant control on
coral δ18 O at Kiritimati Island (McGregor et al. 2011), the SST/hydroclimate convolution
of δ18 O creates difficulty in assessing these records for climate variability relating to the
‘4.2ka event’ due to the strong hydroclimate change featured in this event. Neither Cobb
et al. (2013) or McGregor et al. (2013) examined any potential influence or expression of
the ‘4.2ka event’ megadrought climate event in their records. However, the XM35 fossil
coral which lived between 4.4-4.2 kyr BP (McGregor et al. 2013), the p34 fossil coral
(dated to 4042 yr BP), the p40 fossil coral (dated to 3926 yr BP) and the p43 fossil coral
(dated to 3797 yr BP) from Cobb et al. (2013) all sit within this time period of abrupt
global change from 4.3-3.8 kyr BP (Walker et al. 2012). The only other paleoclimate
records from the tropical Pacific at this time include a low-resolution reef core from the
tropical EP that indicates cooler SSTs and enhanced upwelling onwards from 4.3 kyr
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BP (Toth et al. 2015a; Toth et al. 2015b) and a sedimentary hiatus in a south Pacific
lake record from 4.2-0.8 kyr BP that is suggestive of an extended dry period at this
time (Sáez et al. 2009). The apparent increase in ENSO variance onwards from 4 kyr
BP and the paleoclimate records currently available from the tropical Pacific available
underscore a need for further investigation into the expression of the ‘4.2ka event’ in
the tropical Pacific.

No ultimate climate forcing mechanism or driver for the ‘4.2ka event’ has yet been
identified (Toth & Aronson 2019; Walker et al. 2012). Climate events in the Holocene
were typically forced by a high-latitude driver in the northern hemisphere such as
meltwater pulses or ice growth, which are strongly expressed in ice core records e.g.
the climate events at 8.2 kyr BP and 6.3 kyr BP (Wanner et al. 2008). At the time of
the ‘4.2ka event’, there is weak expression of the event in high-latitude ice core records
(Marchant & Hooghiemstra 2004; Walker et al. 2012). Due to this and the magnitude of
change in the mid- and low latitudes during the ‘4.2ka event’, speculation has arisen of
this event having a tropical driver (Marchant & Hooghiemstra 2004; Walker et al. 2012).
Specifically, it has been suggested that ENSO may have played a role in the ‘4.2ka
event’ (Toth & Aronson 2019). However, the few tropical Pacific marine records at this
time period of abrupt global change are fossil coral δ18 O records, which convolve SST
and hydroclimate variability (through δ18 Osw ) and can convolute interpretation of climate
history (Cahyarini et al. 2008; Corrège 2006).

2.3

Climate reconstruction from fossil corals

This study will investigate ENSO at 4.4-4.2 kyr BP, potential expression of the ‘4.2ka
event’ in the equatorial central Pacific and the climate of the equatorial central Pacific at
4.4-4.2 kyr BP by generating Sr/Ca ratio and δ18 Osw records from the XM35 fossil coral.
Fossil corals are ideal proxies for reconstructing Holocene paleoclimate in the tropics.
They incorporate numerous major and trace elements into their aragonite skeleton in
accordance with the composition of the seawater that they grow in (Corrège 2006;
Weber & Woodhead 1972), they are widely distributed throughout the tropics and they
can have lifetimes several centuries long (McGregor et al. 2011). High-resolution data
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that is seasonally resolved can be acquired from corals due to their fast growth rate,
as high as 3cm/yr (Corrège 2006). Fossil corals can be dated through

14

C or U/Th,

which can be used in combination with coral annual banding to construct an age model
(Corrège 2006). Common geochemical proxies that are used for reconstructing climate
from fossil corals include the Sr/Ca ratio and the stable oxygen isotope ratio of 18 O / 16 O
(δ18 O).

The Sr/Ca ratio (Sr/Ca) in corals is an independent ‘paleo-thermometer’ due to Sr2+
uptake in corals being inverse to SST; as SST increases, Sr/Ca decreases and vice
versa (Beck et al. 1992; de Villiers et al. 1994). This is due to Sr substituting for Ca in
the coral aragonite lattice and the Sr/Ca distribution coefficient between aragonite and
seawater varying in accordance with SST (Beck et al. 1992). Improvements to atomic
absorption analytical chemistry techniques since the 1990’s have allowed high precision
analysis of Sr/Ca in corals (Beck et al. 1992; de Villiers et al. 1994), creating a cleaner
and more precise proxy for SST than δ18 O (Corrège 2006). Due to spatial variance
of Sr/Ca across sites, site-specific Sr/Ca-SST calibrations need to be derived through
regression of instrumental SST data against Sr/Ca data from a modern coral at the site
of the fossil coral (Corrège 2006). With this calibration, SST can be reconstructed from
fossil coral Sr/Ca data.

Fossil coral δ18 O has an established history of use as a paleoclimate proxy (Epstein
et al. 1953; Fairbanks & Dodge 1979; Weber & Woodhead 1972). It is influenced
both by temperature-dependent kinetic fractionation through SST, as incorporation
of the heavier
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O isotope increases with temperature, and also through the oxygen

isotope ratio of seawater (δ18 Osw ) which can have multiple influences (Corrège 2006).
An inverse relationship between SST and coral δ18 O exists, with δ18 O decreasing
by -0.13 to -0.22‰ per 1°C of SST increase in Porites sp. corals (Devriendt 2016;
Gagan et al. 2012). While influences on coral δ18 O are generally climate-controlled,
environmental influences that may not be directly climate-controlled can impact coral

δ18 O. For example, δ18 O data obtained from a coral that grew in a lagoon setting may
be less representative of regional SST due to different thermodynamics taking place in
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shallower lagoon settings (Van Wynsberge et al. 2017).

Coral-derived δ18 Osw can have multiple environmental influences.

Warmer SSTs

influence δ18 Osw and subsequently coral δ18 O through preferential condensation of
heavier

18

O molecules from seawater, while the reduced convection and precipitation

that operate under cooler SSTs acts to relatively enrich δ18 O through preferential
evaporation of lighter
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O molecules from seawater (Rohling 2013). δ18 Osw can also

be influenced by environmental controls less directly related to broad-scale climate
variations, such as orographic precipitation, terrestrial runoff and oceanic advection
(Corrège 2006; Stevenson et al. 2013). The dominant influence on coral δ18 O and
influences on δ18 Osw can vary by location (Corrège 2006). At some locations such
as Kiritimati Island, SST variability can constitute 70-85% of the δ18 O signal (Evans
et al. 1999; McGregor et al. 2011), whereas at other sites in the WP, temperatureindependent influences that affect δ18 Osw can be greater influences on coral δ18 O
than SST (Gagan et al. 1998; McGregor & Gagan 2004). This creates a need for site
evaluation and care in signal interpretation from coral δ18 O.

Paired measurement of coral δ18 O and Sr/Ca can be used to calculate residual δ18 O,
a proxy of δ18 Osw (Cahyarini et al. 2008). Depending on the study site, δ18 Osw can be
used as a proxy of the precipitation/evaporation balance and salinity (Cahyarini et al.
2008; Corrège 2006). These are key parameters of tropical climate variability including
ENSO. However, influence from multiple dynamics can convolute interpretation of coralderived δ18 Osw . While the precipitation/evaporation balance is commonly the dominant
mode of δ18 Osw variability, other hydrological dynamics such as upwelling and advection
can influence δ18 Osw (Stevenson et al. 2015; Stevenson et al. 2018). For this study
and its regional setting of Kiritimati Island, several lines of evidence suggest that the
precipitation/evaporation balance is the dominant mode of δ18 Osw at Kiritimati Island.
A Kiritimati Island modern coral displays a strong negative δ18 Osw anomaly during the
1997-1998 El Niño event that brought significant rainfall to Kiritimati Island (Figure 11).
Physical modelling has also indicated relatively low scatter in the modelled δ18 Osw -SSS
relationship for Kiritimati Island compared to other sites in the tropical Pacific that are
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more heavily influenced by ocean dynamics (e.g. the Galapagos Islands) (Stevenson
et al. 2018). Thus for δ18 Osw derived from Kiritimati Island corals, a positive anomaly
is indicative of dry and evaporative conditions while a negative anomaly is indicative of
wetter conditions.

Figure 11: δ18 O (purple), Sr/Ca derived SST (blue) and ∆δ18 O/δ18 Osw (green) derived from a
Kiritimati Island modern coral compared with instrumental SST (black). For the 1997-98 El Niño
event, increased SST and negative δ18 Osw is shown. Figure from McGregor et al. (2013) using
data from McGregor et al. (2011).

Diagenetic alteration of the coral skeleton that can occur post-deposition is a key
consideration in climate reconstruction from fossil corals. Diagenetic alteration includes
recrystallisation of the primary coral skeleton aragonite to secondary aragonite or
secondary calcite, and dissolution of the primary aragonite (Sayani et al. 2011). If
alteration is pervasive throughout the coral skeleton it can impact the reliability of δ18 O
and Sr/Ca measurements in reconstructing paleoclimate (McGregor & Gagan 2003;
Sayani et al. 2011). Sr/Ca in particular is sensitive to diagenetic alteration (McGregor
& Gagan 2003; Sayani et al. 2011). The setting in which diagenesis occurs impacts
the type of alteration that occurs. Submarine diagenesis is associated with secondary
aragonite precipitation and cements that are high in Mg/Ca that yield relatively enriched

δ18 O and Sr/Ca, which create cool SST artefacts in climate reconstruction (Sayani et al.
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2011). Subaerial diagenesis is associated with dissolution of the primary aragonite
and secondary calcite precipitation that yield relatively depleted δ18 O and Sr/Ca,
which creates warm SST artefacts (McGregor & Gagan 2003; Sayani et al. 2011).
Screening corals for diagenesis has become standard practice in coral paleoclimatology
through the use of X-Ray Diffraction (XRD) and thin section analysis which detect
calcite presence and the presence of secondary aragonite and dissolution respectively
(McGregor & Abram 2008; McGregor & Gagan 2003). The use of scanning electron
microscopy is increasingly becoming standard practice in coral paleoclimatology (Allison
et al. 2007; Alpert et al. 2017; Hendy et al. 2007; Sayani et al. 2011), as it allows higherresolution screening for secondary aragonite and dissolution presence.

2.4

Regional and paleoclimate setting

The XM35 fossil coral analysed for this study is from Kiritimati Island, Republic of Kiribati
(157° 30’W, 2° 0’N). Kiritimati Island is a large, low-lying coral atoll located in the Line
Islands chain in the equatorial central Pacific (Figure 12). It is the largest coral atoll in
the world, covering 321km2 and featuring a large interior lagoon, active reef flats on the
island’s fringe and a network of brackish to hypersaline lakes stretching from the island’s
centre to its southeast (Woodroffe & McLean 1998). Highly weathered limestone dated
as far back as the mid-Pleistocene underlies the island (Woodroffe & McLean 1998).
Well-preserved Holocene fossil corals are abundant on the island particularly in the
interior, creating a desirable site for paleoclimate reconstruction from corals (Evans et
al. 1998; Woodroffe & McLean 1998; Woodroffe et al. 2003).
2.4.1

Climate of Kiritimati Island

Due to Kiritimati Island’s central location in the equatorial Pacific (Figure 12) and the
abundance of well-preserved fossil corals on the island, it is an ideal location for ENSO
reconstruction from fossil corals (Evans et al. 1998; Woodroffe et al. 2003). Kiritimati
Island is located in an equatorial dry zone, giving it a semiarid climate with low rainfall
averaging 2mm/day (Adler et al. 2018). At Kiritimati Island, there is limited seasonal
variation in SST of roughly 1°C (Figure 13) (Evans et al. 1998). Rainfall is slightly higher
but still low during January-June due to movement of the ITCZ (Figure 13) (Bureau of
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Figure 12: Kiritimati Island’s location in the Pacific (red point) overlain with the NINO regions
from which SST is used to calculate ENSO indices. Modified from Bureau of Meteorology
(2018).

Meteorology and CSIRO 2011). In contrast to this low-amplitude seasonal variability,
ENSO causes significant climate variability at Kiritimati Island. El Niño events cause a
dramatic increase in SST and rainfall at Kiritimati Island. For example, during the austral
summer of the 1997-98 El Niño event, SSTAs were over +2°C and average rainfall was
11.6mm/day (Adler et al. 2018; Huang et al. 2017). Conversely, a La Niña event typically
causes drought and cooler SSTs at Kiritimati Island, causing mean monthly SSTs to be
as low as 24°C (Huang et al. 2017). Due to the strength of the thermal-oceanographic
signal from ENSO events, low seasonal variability and limited other climate influences at
Kiritimati Island, it is an ideal location for broader paleoclimate reconstructions of ENSO
and the equatorial Central Pacific (Evans et al. 1998; Woodroffe et al. 2003).
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Figure 13: Mean annual cycles at Kiritimati Island of monthly sea surface temperature for
1880-2017 (a) derived from the ERSSTv5 dataset using the 2° x 2° location centred on
Kiritimati Island (Huang et al. 2017) and monthly rainfall for 1979-2017 (b) derived from the
GPCPv2p3 dataset using the 2.5° x 2.5° location centred on Kiritimati Island (Adler et al. 2018).

The NINO3.4 region in the equatorial central Pacific spanning 5°N-5°S, 170°W-120°W
(Figure 12) is a key region for monitoring and studying ENSO events, which Kiritimati
Island is located within. To verify Kiritimati Island as a site that is climatologically
representative of the larger NINO3.4 region, any significant difference between NINO3.4
and Kiritimati Island instrumental records and coral geochemistry needs to be assessed.
The instrumental record used in this study is the monthly Extended Reconstructed Sea
Surface Temperature (ERSST) dataset (version 5) from Huang et al. (2017). For the
SST from the 2° x 2° grid centered on Kiritimati Island and SST from the NINO3.4
region for the years 1880-2017, there is excellent correlation (R2 = 0.81)(Figure 14).
For modern corals, there is great correlation (R2 = 0.62) between the Sr/Ca ratio of
a modern Kiritimati Island Porites sp. microatoll and the NINO3.4 region (McGregor
et al. 2011). A previous study of a modern domed Porites sp. coral from Kiritimati
Island reported excellent correlation between coral δ18 O, NINO3 region SST anomalies
and other oceanic indices (Evans et al. 1999). Excellent correlation between SSTs
from Kiritimati Island and the NINO3.4 region as well as correlation of modern coral
records with instrumental data supports Kiritimati Island as a reliable site for broader
paleoclimate reconstruction of the equatorial central Pacific from fossil corals.
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Figure 14: Comparison of monthly SST for the 2°x 2° location centred on Kiritimati Island (a)
and monthly SST for the NINO3.4 Region (b). This data was obtained from the ERSSTv5
dataset (Huang et al. 2017).

2.4.2

Other controls on coral geochemistry at Kiritimati Island

Non-climatic controls on coral geochemistry at Kiritimati Island must also be considered
to validate the use of Kiritimati Island fossil corals in accurately reconstructing
paleoclimate. Inter-colony and intra-colony variability of coral δ18 O at Kiritimati Island
has been measured by Devriendt (2016) and McGregor et al. (2011) to be small,
with inter-colony variation of 0.25‰ and intra-colony variation of 0.1‰. Cross-island
differences in controls on coral geochemistry also needs to be considered. In-situ
temperature monitoring at Kiritimati Island shows minor offset between northern and
southern Kiritimati Island SSTs of approxixmately 0.4°C, which corresponds to high
resolution satellite SST data (Devriendt 2016; Reynolds et al. 2002). Slightly warmer
SSTs off northern Kiritimati Island supports regional oceanic modelling by Stevenson
et al. (2015), who attributed this offset to disruption of tropical instability waves (TIWs)
by the steep topography of Kiritimati Island, which causes upwelling of colder water
on the southern side of Kiritimati Island.
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The cross-island SST gradient is more

pronounced during relatively cooler periods (Stevenson et al. 2015). The magnitude of
the cross-island SST gradient does not preclude accurate climate reconstruction from
Kiritimati Island fossil corals. Although upwelling on the southern side of Kiritimati Island
does have slight impacts on δ18 Osw (Stevenson et al. 2015), a strong rainfall influence
on coral δ18 O and coral-derived δ18 Osw on southern Kiritimati Island corals has been
demonstrated by McGregor et al. (2011) (Figure 11), giving credence to the use of
Kiritimati Island coral-derived δ18 Osw as a hydroclimate proxy. Additionally, oceanic
modelling by Stevenson et al. (2018) suggests that δ18 Osw does co-vary to an extent
with SSS at Kiritimati Island (R2 = 0.38). Despite slight influence of ocean dynamics on

δ18 Osw at Kiritimati Island, coral-derived δ18 Osw is still a reliable proxy for broad-scale
surface hydroclimate variability.

Sea level at Kiritimati Island has been relatively stable since 6 kyr BP when melting
of northern hemisphere polar ice ceased, although gradual relative sea level fall has
occurred since approximately 2.5 kyr BP (Fairbanks 1989; Woodroffe et al. 2012).
The XM35 fossil coral is from the southeast interior of Kiritimati Island, adjacent to
hypersaline lakes which are not suitable for microatoll growth at present (Figure 15)
(McGregor et al. 2013). In the mid-Holocene, this area was a flourishing environment
for microatolls, although the paleoenvironment of fossil microatolls from this area
is uncertain and they may have grown in a saline lagoon or a well-flushed reef flat
paleoenvironment (Woodroffe et al. 2003; Woodroffe et al. 2012). A fossil microatoll
from a saline lagoon paleoenvironment could record an altered signal and be less
representative of open ocean conditions compared to a reef-flat microatoll (Woodroffe
et al. 2003), although several lines of evidence suggest a reef-flat paleoenvironment
for the XM35 fossil coral (McGregor et al. 2013). The implications and possibility of
a lagoon paleoenvironment for the XM35 fossil coral are further discussed in Section 4.2.
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Figure 15: Map of Kiritimati Island (Google Earth 2018). The location of XM35 is marked by the
orange star.

2.4.3

Study aims

This study aims to develop a detailed understanding of ENSO and the climate of the
equatorial central Pacific at 4.4-4.2 kyr BP. Although the δ18 O record from the XM35
fossil coral (McGregor et al. 2013) provides numerous insights into the climate of the
equatorial central Pacific in the mid-late Holocene, the dual influence of both SST and

δ18 Osw on coral δ18 O inhibits a detailed understanding of climate variability when SST
and hydroclimate may not have co-varied. The primary aims of this study are to 1)
reconstruct SST from the XM35 fossil coral by generating a Sr/Ca record that spans
the full length of the XM35 fossil coral and 2) to calculate δ18 Osw using the XM35

δ18 O and Sr/Ca data. With the three datasets of δ18 O, Sr/Ca derived SST (Sr/CaSST) and δ18 Osw generated from the XM35 fossil coral, broad trends and the climate
state of the tropical central Pacific at 4.4-4.2 kyr BP can be assessed with greater depth.

ENSO variability in the mid-late Holocene characterised from the XM35 Sr/Ca-SST
record can be compared directly with the modern Kiritimati Island instrumental SST
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record. Through comparison with other mid-late Holocene paleoclimate records, the
nature of ENSO in the mid-late Holocene can be further delineated. A broader picture
of mid-late Holocene ENSO variability can then be synthesised and contrasted with
present-day ENSO variability to assess differences in ENSO and climate dynamics of
these two time periods. Any expression of the ‘4.2ka event’ in the equatorial central
Pacific and any possible role of ENSO can be directly assessed through the XM35
Sr/Ca-SST and δ18 Osw records, as dating of XM35 indicates overlap with the first δ18 O
enrichment step shown in the Mawmluh Cave speleothem (Berkelhammer et al. 2013;
McGregor et al. 2013). SST and hydroclimate variability may well have varied differently
at 4.4-4.2 kyr BP and convoluted the δ18 O signal.

The XM35 Sr/Ca-SST record will provide significant ancillary benefits to the broader
paleoclimatology research community. The monthly SST record generated will be longer
than the modern instrumental record of the equatorial CP and facilitate data-model
comparison with mid-late Holocene climate models. As well as providing significant
insights into the climate of the equatorial CP in the mid-late Holocene by itself, the
multiple datasets from XM35 will greatly assist in improving paleo-ENSO hindcasting
of the mid-late Holocene and potentially assist in reducing uncertainties in modelling of
future ENSO.

Figure 16: Photograph of the XM35 fossil coral after sampling (supplied by Helen McGregor).
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3
3.1

Methods
Coral collection, sampling and dating

The Porites sp. microatoll fossil coral XM35 collected by McGregor et al. (2013) was
analysed for this project.

A radial slab containing the maximum growth axis was

obtained from XM35 in 2007 from the Mouakena closed lagoon in the southeast of
Kiritimati Island, Republic of Kiribati at 01°44.212’N, 157°12.522’W (Figure 15). XM35
was found in the position that it grew at and was approximately 5m in diameter. From
the radial slab, two 7mm slices of XM35 were cut. One slice was used for geochemical
analysis and another was used for diagenetic screening by McGregor et al. (2013). The
first 7mm slice was X-rayed to identify coral density bands and growth direction. This
slice was then reduced to a 2mm ledge and continuously milled at low-speed to obtain
coral powders at a fortnightly resolution (McGregor et al. 2013). After coral δ18 O data
was obtained from XM35, annual growth banding established through X-radiography,
coral extension rate and δ18 O maxima was used to produce an age model for XM35
which has an estimated age error of ± 1 year (McGregor et al. 2013). Pilot Sr/Ca data
was obtained for the youngest 30 years of XM35’s internal chronology (years 176 to
147) by McGregor et al. (2013).

A coral piece from XM35 section H1, located at approximately year 130 of the coral’s
175-year internal chronology, was used for U-Th age dating by McGregor et al. (2013).
After ultrasonic cleaning with MilliQ water, two 50-100mg coral aliquots were weighed
out and measured at the Radiogenic Isotope Laboratory, University of Queensland.
The procedure of Zhou et al. (2011) was used, which entails dissolution of the coral in
nitric acid (HNO3 ) and spiking with a

239

Th/233 U mixed tracer followed by U/Th isotopic

ratio measurement on a multi-collector inductively coupled plasma mass spectrometer
(MC-ICP-MS). The protocol for MC-ICP-MS analysis in Hellstrom (2003) was followed
with minor modifications (Zhou et al. 2011).

U/Th ages were calculated with the

Isoplot/EX 3.0 program in yr BP relative to 1950CE (Ludwig 2003; McGregor et al.
2013). (234 U/238 U)initial values for both coral aliquots were within the acceptance criteria
of Holocene seawater values (Cheng et al. 2000). The weighted average coral U-series
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age is 4243 ± 9 yBP and XM35 lived between 4.4 kyr BP and 4.2 kyr BP.

3.2

Diagenetic screening

The screening of fossil coral samples for diagenesis is crucial to ensure that the
geochemical signal from the primary coral skeleton is preserved and able to be used
for paleoclimate reconstruction. Diagenetic screening was previously performed on
the XM35 fossil coral through X-ray diffraction (XRD) and petrographic analysis by
McGregor et al. (2013) and was classified as excellently preserved. In order to further
verify the excellent preservation of XM35, 7 out of 31 XM35 pieces were screened
for diagenesis using a Phenom XL Desktop Scanning Electron Microscope (SEM)
according to criteria outlined by Cobb et al. (2013), Hunter & McGregor (2019) and
McGregor & Abram (2008). Prior to performing SEM, the coral pieces were submersed
in MilliQ water and cleaned using an ultrasonic probe. The coral pieces selected for
screening were XM35-B2, XM35-F2, XM35-H1 (the piece used for U/Th dating), XM35M2, XM35-O1, XM35-Q and XM35-S2. While screening of all pieces would be ideal
to comprehensively assess diagenesis in XM35, the pieces selected are very likely to
be representative of XM35’s overall condition and screening of all pieces was outside
the time frame of this study. The criteria for assessing coral preservation are given in
Table 1.
Diagenetic Condition

Guideline Criteria

Excellent

Minimal or no evidence of diagenetic alteration

Great

Isolated evidence of minor alteration e.g. trace surface coatings

Good

Pervasive evidence of minor alteration

Fair

Isolated evidence of major alteration e.g. thick surface coatings

Poor

Pervasive evidence of major alteration

Table 1: The guideline criteria for assessing fossil coral diagenetic condition from Cobb et al.
(2013), Hunter & McGregor (2019), and McGregor & Abram (2008).
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3.3
3.3.1

Sr/Ca ratio analysis
Sample preparation

Years 104 to 0 of XM35’s internal chronology were collected for this thesis to develop a
Sr/Ca record spanning the full length of XM35. In addition to pilot Sr/Ca data collected
by McGregor et al. (2013), years 146 to 105 were collected by Helen McGregor in
2017.

Coral powder subsampled from XM35 previously used for δ18 O analysis in

McGregor et al. (2013) was available for this project and Sr/Ca ratio data was obtained
for the samples used for δ18 O analysis wherever possible. If there was no coral powder
remaining from samples used for δ18 O analysis, adjacent samples were used and
sample age adjusted accordingly. For every year of XM35’s internal chronology, an
average of 9 samples were prepared for Sr/Ca ratio analysis.

Aliquots of 0.50 ± 0.5 mg coral powder for each sample were weighed out on an Orian
Cahn C-35 microbalance and transferred to 10mL plastic vials. The 10mL plastic vials
were pre-cleaned through acid soaking with 5% w/w HNO3 for 24 hours and then rinsed
four times with MilliQ water. Samples were then acidified with 1% w/w Suprapur HNO3 ,
with 0.1mL of HNO3 per 0.01mg of sample used to obtain a consistent Ca concentration
of 37 ± 4ppm across all samples for analysis. Samples were acidified at most one week
prior to ICP-AES analysis as a precaution to prevent leaching of potential contaminants
in the plastic vials by the acid. The vials were then vigorously shaken and sonicated
for 30 minutes in an ultrasonic bath at 40°C to ensure complete dissolution of the coral
powders in the acid. Samples of the JCp-1 coral geochemical reference standard (Okai
et al. 2002; Hathorne et al. 2013) was prepared along with XM35 coral samples to
standardise results between different batches. The JCp-1 standards were weighed out
to 1 ± 0.004mg and acidified in 10mL of 1% w/w Suprapur HNO3 . Blanks containing
10mL of 1% w/w Suprapur HNO3 were prepared for additional quality assurance to
account for any possible error during sample dissolution.
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3.3.2

ICP-AES analysis

Sr/Ca ratios from the XM35 coral were measured through Inductively Coupled Plasma
Atomic Emissions Spectroscopy (ICP-AES) at the Australian Nuclear Science and
Technology Organisation (ANSTO) with a Thermo Scientific iCAP 7600 series ICPAES. Machine parameters were optimised for samples with a Ca concentration of 37
ppm (Table 2). For each batch of samples that contained ≤300 samples, two JCp-1
standards and two blanks were placed at the beginning of the batch. Additional JCp1 standards and blanks were placed throughout the batches after every 50 samples
and at the end of each batch. Prior to sample analysis, the ICP-AES was calibrated
with standard solutions containing known values of Ca, Sr, Ba, P and Mg. An Internal
Calibration Verification (ICV) reference solution containing known values of ICP-AES
analytes was prepared by ANSTO and measured after every two coral samples in order
to correct Sr/Ca data in the case of any machine internal drift. Deviation of the ICV
from expected values was used to calculate Relative Standard Deviation (RSD) for the
entire analysis. The JCp-1 standards placed at the beginning of each batch were remeasured at the end of the batch as an additional check against machine internal drift.
The average offset between the known value of 8.811 ± 0.089 mmol/mol for JCp-1
measured at the ANSTO laboratory and the measured values for JCp-1 was used to
standardise Sr/Ca values to ensure inter-batch comparability.
ICP-AES Parameter

Setting

RF Power

1300W

Auxiliary Gas Flow

0.5L/min

Coolant Gas Flow

12L/min

Nebuliser Gas Flow

0.45L/min

Nebuliser Gas Pressure

140kPa

Pump Speed

30rpm

Flush Pump Speed

100rpm

Stabilisation Time

30sec

Table 2: ICP-AES parameters used for Sr/Ca analysis of the samples in this thesis
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3.3.3

Sr/Ca quality assurance

The standard deviation of the JCp-1 coral reference standard was ± 0.05 mmol/mol
(n=39) for the 2018/19 Sr/Ca analysis and ± 0.03 mmol/mol (n=24) for the 2012 Sr/Ca
analysis with an average analytical reproducibility of standards of 0.45%. Respectively,
these translate to a SST uncertainty of ± 0.6°C and ± 0.4°C, with an error of ± 0.5°C
taken to be the error on SST derived from XM35 Sr/Ca measurements. The standard
error of repeat sample measurements from 2012 ± 0.02 mmol/mol (n=21), comparable
to the within-run precision of the 2012 Sr/Ca analysis (McGregor et al. 2013).

Measurements were repeated when over-acidification or under-acidification of samples
led to the Ca concentrations outside the range of 37 ± 4 ppm.

Measurements

were also repeated for samples with a high (¿1%) relative standard deviation (RSD)
percentage. Typically, RSD% was below 1% for the ICV and the XM35 coral samples.
20 samples from the L piece spanning from years 90 to 98 (representing 30%
of the L samples analysed) consistently had low Ca concentrations across three
different runs of sample analysis.

This reproducibility of error suggested possible

contamination. The pieces were visually inspected and glue presence at the position
that the samples were milled from was identified for most of these samples. To account
for this error from possible glue contamination, Sr/Ca data was derived for these 20
samples from their corresponding δ18 O data using least-squares linear regression of

δ18 O and Sr/Ca data of samples from the K, L and M1 piece that were not contaminated.

The Mg/Ca ratio of samples was analysed at the same time as the Sr/Ca ratio. Mg/Ca
data provides an additional screening tool for unreliable measurements and diagenesis
(Allison et al. 2007). The Mg/Ca ratio in pristine corals ranges from 3.5-4.5 mmol/mol,
with samples that had values deviating from this investigated for causes of error and
considered for repeat measurement. Anomalous Mg/Ca values were only found in the
first of the five batches of sample analysis conducted for this study. In the first batch,
sample Mg/Ca ranged from 3.4 mmol/mol to 6.1 mmol/mol with a mean value of 3.8
mmol/mol and a standard deviation of 0.3 mmol/mol. 12 samples contained anomalous
Mg/Ca values and were re-measured due to being traced back to user error. Repeat
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measurements of these samples returned Mg/Ca results within the 3.5-4.5 mmol/mol
range. The Mg/Ca results for samples in the subsequent batches ranged from 3.5
mmol/mol to 4.2 mmol/mol, with a mean value of 3.9 mmol/mol and a standard deviation
of 0.1 mmol/mol.

Anomalously high or low Sr/Ca values that were significantly out of synchronisation
with Sr/Ca values in adjacent years and corresponding δ18 O data were investigated
for error and considered for repeat measurements. The following criteria was applied
to these samples and all repeat sample measurements. If sample preparation error,
machine error or possible contamination was traced back from the anomalous Sr/Ca
value and the subsequent repeat measurement was reliable, the repeat measurement
data replaced the original measurement data. If no user error, machine error or possible
contamination could be traced back to Sr/Ca values that were flagged as anomalous, the
original and repeat measurement data was averaged for the final dataset. 21 samples
from the XM35-O1 piece were also re-measured as an additional measure of analytical
reproducibility. Unlike other repeat sample measurements, the 2012 Sr/Ca values were
not anomalous. The standard error of these samples was ± 0.02 mmol/mol (n=21).
Following compilation of the complete dataset, these values were interpolated to give
12 values/year for the Sr/Ca data using the SciPy package in the Python computing
language (Jones et al. 2001).

3.4

Sea surface temperature, seawater δ18 O and pseudo
coral calculations

SST was calculated from XM35 using the interpolated Sr/Ca ratio data and a calibration
equation established by McGregor et al. (2011) from reduced major axis regression of
instrumental SST data at Kiritimati Island (Huang et al. 2017) and the Sr/Ca ratio data
from a modern Kiritimati Island Porites sp. microatoll. This equation is as follows:

SST = −12.1056 · Sr/Ca + 138.2618

(1)

The δ18 Osw of XM35 was calculated using the centering method from Cahyarini et al.
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(2008), which removes mean values from the variables. This equation is as follows:

δ 18 Osw = (δ 18 Ocoral − δ 18 Ocoral ) −

γ1
(Sr/Ca − Sr/Ca)
β1

(2)

With overbars indicating the mean value for the XM35 coral, γ1 being the δ18 O-SST
slope (determined by McGregor et al. (2011) to be -0.15‰/°C for Porites sp. microatolls
at Kiritimati Island) and β1 being the Sr/Ca-SST slope which was determined by
McGregor et al. (2011) to be -0.083).

Forward modelling of coral δ18 O was explored as a means of diagnosing coral
paleoenvironment. Modelled coral δ18 O (“pseudocorals”) can be derived from a δ18 OSST slope, instrumental SST, instrumental SSS and a δ18 Osw -SSS slope (Equation 3)
or through the δ18 O-SST slope, instrumental SST and instrumental δ18 Osw (Equation 4)
as below from Dee et al. (2015) and Thompson et al. (2011):

3.5

δ 18 Opseudo = a · SST + b · SSS

(3)

δ 18 Opseudo = a · SST + δ 18 Osw

(4)

Time series analysis

Several methods were utilised for time series analysis of the XM35 SST, δ18 O and

δ18 Osw datasets to examine broad-scale climate variability and ENSO variability. These
methods were also applied to the modern instrumental ERSSTv5 SST datasets (Huang
et al. 2017) of the 2° x 2° location centred on Kiritimati Island and the NINO3.4 region
for comparison. The term “modern instrumental SST record” is used henceforth to
describe SST data from the 2° x 2° grid centred on Kiritimati Island from the ERSSTv5
dataset (Huang et al. 2017). The term “present” or “present-day” used henceforth refers
to the 1880-2017 period covered by this dataset. For the XM35 datasets, the internal
chronology was converted to a date with an oldest date of 4373.708 and a youngest
date of 4196.125 based on the dated piece at year 130 of XM35’s internal chronology
being dated at 4243 ± 9 yr BP (McGregor et al. 2013). An initial examination of the
trend in the datasets was conducted by modelling trend datasets from the datasets
using a regression spline with smoothing parameters estimated with generalised
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cross-validation using the ‘mgcv’ package in the R computing language (Wood 2019),
as per McGregor et al. (2013).

Wavelet analysis provides a useful method of broadly appraising the modes of climate
variability within a dataset. To examine the modes of climate variability at 4.4-4.2 kyr
BP compared to present, wavelet analysis was conducted on the XM35 SST dataset
and the modern instrumental SST dataset. Wavelet analysis provides a quantitative
and visual method of assessing the dominant modes of climate variability in a time
series and how these modes of variability change in power through time (Torrence &
Compo 1998). It does this by decomposing the time series and applying a discrete
Fourier transformation throughout the time series at varying windows which returns
a two dimensional plot consisting of time, frequency and frequency power. A key
advantage of the wavelet analysis is that it does not assume stationarity of periodicity
in the time series (Torrence & Compo 1998). This analysis was carried out with the
Morlet wavelet using code based on Torrence & Compo (1998) available at the URL
http://atoc.colorado.edu/research/wavelets/. Power spectrum time series produced from
wavelet analysis are fitted with a cone of influence denoted by a black curve. Years
exterior to this curve were zero-padded to reduce edge-effects. However, zero-padding
reduces the variance for these periods, with years exterior to the cone of influence
indicating lower power than may be true. The global wavelet spectrum plot produced
from wavelet analysis indicates the averaged power for a given periodicity over the
entire time series. These plots are fitted with a dashed line that indicates statistical
significance of power at the 95% confidence interval (Torrence & Compo 1998).

3.5.1

El Niño-Southern Oscillation event classification

For this study, an in-depth examination of ENSO in the fossil and modern instrumental
record was performed using bandpass filtering and cluster analysis.

Classifying

ENSO events in the XM35 Sr/Ca-SST record using two different methods gives high
confidence in event classification for years where both methods detect an ENSO event.
ENSO event classification is complex and there are numerous indices used for ENSO
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event classification (Trenberth 1997). Most indices used to define events such as the
Oceanic Niño Index (ONI) (National Oceanic and Atmospheric Administration 2019) and
that outlined in Trenberth (1997) give broad agreement on ENSO event classifications
in the 20th and 21st centuries, it is not unusual for different indices to give differing
classifications for a given event, particularly for weak or non-canonical ENSO events.
Cluster analysis was performed using a K-Means algorithm that partitions data into set
clusters based on the shape and amplitude of data (Hartigan & Wong 1979). This is
advantageous for investigating paleo-ENSO as it does not require any pre-conceived
definition of ENSO events including their temporal structure (McGregor et al. 2013).

Using detrended and de-seasonalised datasets for cluster analysis was deemed as
inappropriate due to the magnitude of the trends present in the XM35 Sr/Ca-SST
and modern instrumental SST records, which would have led to an inverse event
classification to what was true. This was evidenced when testing cluster analysis of
the detrended and de-seasonalised modern instrumental data against the ONI. Instead,
the SST dataset was divided into two base periods of equal length for calculation of
SSTA based on the trend spline modelled from XM35 Sr/Ca-SST. This approach to
calculate SSTA was applied to the modern instrumental record as a warming trend
manifests from approximately 1940 onwards (Figure 17). As per McGregor et al.
(2013), the statistical significance of the clusters was tested with a MANOVA test using
Wilks’ lambda (determinant of the within-cluster sum of squares (SSw ) divided by the
determinant of the total sum of squares (SSt )), where values are between 0-1 and small
values correspond to a large inter-cluster difference. For three clusters, the value of
the ratio of SSw /SSt was 0.17 for calculated SSTA at Kiritimati Island from 1880-2017
and 0.19 for the XM35 SSTA. These values are statistically significant and consistent
with similar tests performed by McGregor et al. (2013), lending credence that the three
clusters partition the data into clusters that represent El Niño events, La Niña events
and neutral ENSO conditions. Six consecutive months of data belonging to the El Niño
or La Niña cluster was the criteria used for classifying an event using cluster analysis.
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Figure 17: Trend spline modelled from the modern instrumental record of SST at the 2° x 2°
location centred on Kiritimati Island.

Bandpass filtering was performed using the 2-8 year frequency in order to isolate
ENSO-related variability. Bandpass filtering works by attenuating frequencies below
the lower cutoff frequency and above the higher cutoff frequency, while “passing”
frequencies between the specified frequencies. For example, frequencies related to
the annual cycle of SST would be below the lower cutoff frequency of 2 years and
decadal or multi-decadal variability would be above the higher cutoff frequency of 8
years for a 2-8 year bandpass filter. In the XM35 Sr/Ca-SST record, years classified as
containing an ENSO event by both cluster analysis and bandpass filtering were flagged
as definitive events, while years that were identified as containing an ENSO event by
either cluster analysis or bandpass filtering were flagged as probable events. Event
strength thresholds were established based on modern event classifications from the
ONI and their corresponding values in the filtered modern instrumental SST record,
with three consecutive months of filtered SSTA above or below 0.3°C, 0.6°C, 0.9°C and
1.3°C in the filtered records being classified as weak, moderate, strong and very strong
El Niño or La Niña events respectively.

The skill of cluster analysis and bandpass filtering at identifying ENSO events in the
modern instrumental SST record was tested using two ENSO indices spanning from
1950 to present, as per McGregor et al. (2013) (Figure 18, Figure 19). Cluster analysis
and bandpass filtering generally show great correspondence with classified events in the
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ONI (National Oceanic and Atmospheric Administration 2019) and with events classified
by criteria outlined in Trenberth (1997). However, ‘back-to-back’ events such as the
1974-76 La Niña and the 2014-16 El Niño are significantly weaker in the filtered SST
datasets compared to the ONI and Trenberth 1997. Differences in event timing due
to the functioning of the bandpass filter led to occurrence of false negatives in the
filtered SST datasets, with an ENSO signal evident in the following year registering as a
false positive. ENSO events that were not unanimously classified in the two benchmark
indices, the cluster analysis and the bandpass filtering were typically weak events (e.g.
the 1967/68 La Niña event and the 1976/77 El Niño event). For the 1950-2017 period
in the Kiritimati Island dataset, cluster analysis identified 19 of the 21 El Niño events
and 16 of the 21 La Niña events classified by the benchmark indices. Bandpass filtering
identified 17 of the 21 El Niño events and 19 of the 21 La Niña events with two false
positives recorded. Cluster analysis and bandpass filtering show great correspondence
with the benchmark indices and are suitable methods for ENSO event classification.

Figure 18: Comparison of El Niño events classified according to the ONI (National Oceanic and
Atmospheric Administration 2019) and Trenberth (1997) with those classified in the modern
instrumental record for the 2° x 2° location centred on Kiritimati Island and the NINO3.4 region
using bandpass filtering and cluster analysis.
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Figure 19: Comparison of La Niña events classified according to the ONI (National Oceanic and
Atmospheric Administration 2019) and Trenberth (1997) with those classified in the modern
instrumental record for the 2° x 2° location centred on Kiritimati Island and the NINO3.4 region
using bandpass filtering and cluster analysis.
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4
4.1

Results
Diagenetic Screening

Five of the seven pieces from the XM35 fossil coral screened for diagenesis were
categorised as being in ‘Good’ or better diagenetic condition (Table 3). Two pieces
being classified as ‘Fair’. None of the coral pieces were classified as ‘Poor’. The most
common diagenetic alteration was trace surface coatings of secondary aragonite with
rare occurrence of major coatings of secondary aragonite. All coral pieces screened
were substantially less than 1% secondary aragonite by weight.

As no pervasive

major alteration was found, diagenetic alteration does not preclude accurate climate
reconstruction from the XM35 fossil coral.
Coral Piece

Diagenetic Category

Alteration Found

XM35-B2

Good

Pervasive trace coatings of SA

XM35-F1

Good

Pervasive trace coatings of SA and very
minor dissolution

XM35-H1

Good

Pervasive trace coatings of SA

XM35-M2

Good

Pervasive trace coatings of SA and
slightly enhanced microfaunal boring

XM35-O1

Great

Occasional trace coatings of SA

XM35-Q

Fair

Isolated moderate coatings of SA and
minor isolated dissolution

XM35-S2

Fair

Pervasive trace coatings of SA and
moderate isolated dissolution

Table 3: A summary of the assessed condition of the XM35 coral pieces screened according to
previously outlined criteria (Table 1). SA = Secondary Aragonite

Two representative images were chosen from each coral piece, with the left image
representing the typical condition of the piece and the right image representing the worst
alteration found on the coral piece. Additional images are available in Appendix B.
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Figure 20: Representative SEM images from the XM35-B2 piece (top) and the XM35-F1 piece
(bottom). Trace surface coatings of secondary aragonite are pervasive on both pieces, with
minimal physical alteration present and very minor dissolution on the XM35-F1 piece present.
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Figure 21: Representative images from the XM35-H1 piece (top) and the XM35-M2 piece
(bottom). Both pieces feature pervasive trace coatings of secondary aragonite, with the
XM35-H1 piece showing slightly more enhanced precipitation of secondary aragonite. The
XM35-M2 piece features microfaunal boring that is slightly above the baseline shown in the
other coral pieces screened.
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Figure 22: Representative images from the XM35-O1 piece (top) and the XM35-Q piece
(bottom). The XM35-O1 piece features isolated trace coatings of secondary aragonite. The
XM35-Q piece features isolated coatings of secondary aragonite moderate in thickness and
minor dissolution in addition to pervasive trace coatings of secondary aragonite.
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Figure 23: Representative images from the XM35-S2 piece. The XM35-S2 piece generally
features good preservation with only trace surface coatings of secondary aragonite, however
there is isolated dissolution along centres of calcification towards the end of the piece.

The XM35-S2 piece (Figure 21) generally features good preservation with only trace
surface coatings of secondary aragonite. However, there is moderate dissolution along
centres of calcification at the older end of the piece. Sub-samples milled from the older
half of the first year of the coral’s internal chronology were not used for this project or
for δ18 O analysis by McGregor et al. (2013). Coral pieces older than XM35-S2 that
featured alteration detected through XRD and petrographic analysis by McGregor et al.
(2013) were not used by McGregor et al. (2013) or for this study. It is worth noting that
the condition of the two XM35 pieces assessed as being in ‘Fair’ condition compares
favourably with several corals assessed in Cobb et al. (2013) as being in ‘Good’ and ‘Fair’
condition such as the V28 and V30 fossil corals (Figure 24), and that the classifications
of the XM35 fossil coral pieces represent conservative estimates. Although the XM35
pieces screened were not in flawless diagenetic condition, no pervasive major alteration
that would preclude accurate climate reconstruction from these pieces was found.
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Figure 24: An SEM image of the V28 fossil coral from Cobb et al. (2013) that was classified as
‘Fair’.

The impact of the small acicular formations of secondary aragonite found on the dated
piece (XM35-H1) needs to be considered to ensure confidence in comparing results
from XM35 with other mid-late Holocene paleoclimate records. In magnified screening
of the XM35-H1 piece, no acicular formations longer than 10µm were found. Another two
SEM images from XM35-H1 are provided below to display this (Figure 25). A qualitative
comparison between SEM images from XM35-H1 and SEM images from previous
studies indicates that the XM35-H1 piece is not visually consistent with corals that
featured secondary aragonite overgrowth and/or greater than 1% secondary aragonite
by weight (Figure 25) (Cobb et al. 2013; Hendy et al. 2007; Sayani et al. 2011).
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Figure 25: Two representative SEM images from XM35-H1 (top) compared with SEM images
from Sayani et al. (2011) of a coral featuring secondary aragonite overgrowth that translated to
SST offsets (bottom). The magnified image from XM35-H1 is at a slightly higher magnification
than the magnified image from Sayani et al. (2011).

Two aliquots from the XM35-H1 piece that were U/Th dated by McGregor et al. (2013)
gave a weighted mean calendar age of 4243 ± 9 yr BP. However, the minor secondary
aragonite presence may create additional date uncertainty. If it is assumed that the
XM35-H1 piece is 1% secondary aragonite by weight and that all the uranium from
the original primary aragonite was lost during recrystallisation to secondary aragonite,
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the true date would be approximately 4200 yr BP. However, this is an unrealistic worstcase scenario. A more realistic scenario of 0.5% secondary aragonite by weight for
the XM35-H1 piece was estimated based on visual comparison with SEM images from
corals reported as approximately 1% secondary aragonite by weight (Sayani et al.
2011). A true date of 4222 yr BP is yielded based on the XM35-H1 piece being 0.5%
secondary aragonite by weight. There was minimal dissolution on the XM35-H1 piece,
so no significant loss of immobile thorium occurred that would impact U-series dating
accuracy. To account for the potential impact of secondary aragonite precipitation on
uranium loss and the U/Th date obtained from XM35-H1, the date uncertainty is revised
to be 4243 ± 30 yr BP. U/Th dating of the XM35-O1 piece was considered to further
verify the previous date, however the lead time on this procedure meant that this was
outside the time frame of this study. The revised date uncertainty for the XM35 fossil
coral is not atypical for Holocene paleoclimate records (e.g. Tudhope et al. (2001)) and
does not inhibit comparison with other paleoclimate records from the mid-late Holocene.

4.2

XM35 fossil coral results

The Sr/Ca-SST and δ18 Osw results from the XM35 fossil coral are presented in this
subsection alongside the original δ18 O record from McGregor et al. (2013) for reference.
For comparison against modern climate, the Sr/Ca-SST record is compared with the
instrumental record from the 2° x 2° location centred on Kiritimati Island (Figure 14)
and Sr/Ca-SST records from two modern microatoll corals from Kiritimati Island, XM0
(Woodroffe et al. 2003) and XM22 (McGregor et al. 2011). The δ18 O and δ18 Osw records
from the XM35 fossil coral are compared with the comparative dataset from these
two modern corals. Prior to presentation and analysis of the datasets, caveats with
regards to the validity of results from the XM35 fossil coral are assessed first, such
as the reliability of Sr/Ca as a proxy of absolute SST and the possibility of a lagoon
paleoenvironment for XM35.

While an in-depth analysis and discussion of the accuracy and reliability of Sr/Ca as
a paleoclimate proxy is outside the scope of this thesis, a caveat that has impications
for the XM35 Sr/Ca-SST record is controversy regarding the accuracy of deriving
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absolute SST from fossil coral Sr/Ca. The ‘vital effects’ of corals (e.g. factors such
as diagenetic alteration and the biomineralisation process) that can lead to intra- and
inter-colony variability in coral geochemistry within sites is a limitation of reconstructing
absolute SST from fossil coral Sr/Ca (Corrège 2006; D’Olivo et al. 2018). Nonetheless,
SST reconstruction from fossil coral Sr/Ca using a site-specific calibration equation
represents one of the best available methods at present for reconstructing SST from
fossil corals and provides lower root mean square errors than multi-trace element
calibrations or Sr/U at reconstructing SST (D’Olivo et al. 2018). At the very least, a
robust estimate of SSTA is obtained from fossil coral Sr/Ca.

It is uncertain whether mid-Holocene fossil corals from Kiritimati Island’s inland
south (Figure 15) grew in a lagoon paleoenvironment or in a well-flushed reef flat
paleoenvironment (Woodroffe & McLean 1998; Woodroffe et al. 2003).

A lagoon

paleo-environment for XM35 would result in an altered signal less representative of
open ocean conditions due to the different thermodynamics taking place in a shallow
lagoon and enrichment of δ18 Osw in the more evaporative setting. However, several
lines of evidence point towards a reef flat paleoenvironment for the XM35 fossil coral.
Microatolls in the modern lagoon at Kiritimati Island are rare and are modest in size.
As XM35 is approximately 5m in diameter and microatoll fossil corals are abundant in
Kiritimati Island’s inland south, the modern lagoon does not appear to be an environment
analogous to the paleoenvironment that the XM35 fossil coral grew in (McGregor et
al. 2013). Additionally, SST monitoring at Kiritimati Island across multiple settings
including open ocean, reef flat and lagoon settings shows low absolute SST variance
(≤0.5°C) and similar SST amplitudes (Devriendt 2016; McGregor et al. 2011; McGregor
et al. 2013). Thus, any signal distortion resulting from a lagoon paleoenvironment
would primarily be due to δ18 Osw enrichment and the dominant control on SST
would still be climate and ENSO variability (Woodroffe et al. 2003). To further address
the question of the XM35 fossil coral paleoenvironment, several avenues were explored.

Forward modelling of coral δ18 O was investigated as a means of diagnosing coral
paleoenvironment. This simple model is commonly used as a tool for data-model
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comparison of paleoclimate records and modelling results (Emile-Geay et al. 2016;
Thompson et al. 2011).

With the Sr/Ca-SST record from fossil corals, a known

δ18 O-SST slope for Kiritimati Island microatolls and in-situ δ18 Osw measurements
from reef flat and lagoon settings at Kiritimati Island (McGregor et al. 2011), it was
hypothesised that δ18 Opseudo generated from Sr/Ca-SST and in-situ δ18 Osw may have
potential in diagnosing coral paleoenvironment through a comparison of pseudocorals
from different settings and measured coral δ18 O.

To validate the use of this approach, δ18 O data from the modern Kiritimati Island
microatolls XM0 and XM22 were compared against pseudocorals modelled from
instrumental SST (Huang et al. 2017), instrumental SSS (Delcroix et al. 2011) and three
published δ18 Osw -SSS slopes for the tropical Pacific (Conroy et al. 2017; Fairbanks
et al. 1997; LeGrande & Schmidt 2006). Pseudocoral δ18 O was consistently offset by
approximately 1-2‰ compared to both coral δ18 O records for all δ18 Osw -SSS slopes
used, although similar trends were reproduced (Figure 26). This offset was attributed to
the simplicity of the forward model not accounting for the influence of precipitation and
evaporation on coral δ18 O (Thompson et al. 2011; Stevenson et al. 2013). Accounting
for model misspecification through linear regression of observed and modelled coral

δ18 O and applying a regression equation to pseudocorals modelled from the XM35
Sr/Ca-SST record was regarded as inappropriate as this would have assumed similar
impacts of precipitation/evaporation on coral δ18 O at 4.4-4.2 kyr BP as the present-day.
A theoretical approach was explored by comparing pseudocorals modelled from
satellite SST and SSS measurements to pseudocorals modelled from in-situ lagoon
SST and SSS monitoring. While long-term lagoon SST monitoring has been conducted
at several atolls in the Pacific (Van Wynsberge et al. 2017) and at Heron Island on the
Great Barrier Reef (Australian Institute of Marine Science 2019), no data from long-term
monitoring of lagoon SSS was available and prevented this approach from being used.
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Figure 26: The XM22 δ18 O record (black) from McGregor et al. (2011) compared with
pseudocorals modelled from instrumental SST using the 2° x 2° grid centred on Kiritimati Island
(Huang et al. 2017), instrumental SSS using the 1° x 1° grid centred on Kiritimati Island and
three δ18 Osw -SSS slopes calculated for the tropical Pacific (Conroy et al. 2017; Fairbanks et al.
1997; LeGrande & Schmidt 2006). A positive offset of 1-2‰ is shown for the modelled
pseudocorals relative to the measured coral δ18 O. It is particularly enhanced during the
1997-98 El Niño event, which is likely due to enhanced rainfall input.

Geochemical data has been obtained from one modern lagoon microatoll at Kiritimati
Island, CH35. If this dataset had been available, several analyses could have been
undertaken to examine the extent of signal distortion in the modern lagoon microatoll
data relative to modern reef flat microatoll data. For example, whether ENSO events
were captured in bandpass filtering for the 2-8 year frequency, potential differences
in annual cycle amplitude and timing and differences in SST standard deviation may
have clarified the impact of a lagoon growth environment on fossil coral geochemistry
at Kiritimati Island and allowed assessment of whether data from a modern reef-flat
microatoll or a modern lagoon microatoll was more analagous to XM35. Although no
method of diagnosing fossil coral paleoenvironment at Kiritimati Island was successful,
the rarity of microatoll corals in the modern lagoon contrasts with the fact that the
present-day inland south of Kiritimati Island was once a flourishing environment for
microatoll growth (McGregor et al. 2011; Woodroffe & McLean 1998) and lends support
to XM35 having grown in a reef flat paleoenvironment. In a worst-case scenario, the
59

climate signal from XM35 is representative of an environment that was still modulated
by ENSO and climate variability. However, it is likely that the climate signal from XM35
is representative of open ocean conditions and a reliable record of climate and ENSO
variability during the time that it lived and it is assumed as such henceforth.

The Sr/Ca, Sr/Ca-SST, δ18 O and δ18 Osw records are presented here alongside
comparative modern Kiritimati Island instrumental and coral datasets. The Sr/Ca ratio
results from XM35 ranged from a minimum of 8.81 mmol/mol to a maximum of 9.34
mmol/mol, with a mean value of 9.06 mmol/mol (1σ= 0.08 mmol/mol) (Figure 27).
Interpolated Sr/Ca data for fossil coral years 0 to 147 from this study were combined
with previous XM35 Sr/Ca results from McGregor et al. (2013) to create a 176-year
time series of Sr/Ca data spanning the full length of the XM35 fossil coral (Figure 27).
SST calculated from the Sr/Ca data ranged from 25.2°C to 31.6°C with a mean value of
28.4 ± 1.0°C (1σ). In the XM35 δ18 Osw record, δ18 Osw ranged from -0.4‰to 0.6‰. The
standard error of δ18 Osw is ± 0.1‰, calculated from the propogation of δ18 O and Sr/Ca
measurement error (Cahyarini et al. 2008).

Figure 27: The Sr/Ca ratio record from the XM35 fossil coral, incorporating interpolated Sr/Ca
data measured for this study and previous Sr/Ca data from McGregor et al. (2013).
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Figure 28: The XM35 Sr/Ca-SST record (a), δ18 O record (b) and δ18 Osw record (c). The dashed
line in the δ18 Osw subfigure indicates a threshold where negative values above it represent
wetter conditions and positive values below it represent drier conditions.
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Figure 29: The Sr/Ca-SST records (a), δ18 O records (b) and centred δ18 Osw records (c) from
the XM0 and XM22 modern corals. The dashed line in the δ18 Osw subfigure indicates a
threshold where negative values above it represent wetter conditions and positive values below
it represent drier conditions.
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Prior to comparison of the XM35 records with modern instrumental records, the
correspondence of modern coral records to the instrumental record is assessed first
(Figure 29). There is excellent correspondence with both modern coral datasets to the
instrumental SST record, with slightly warmer SST recorded by XM0 Sr/Ca due to the
cross-island SST gradient at Kiritimati Island. Comparison of instrumental rainfall data
and δ18 Osw derived from paired measurement of coral δ18 O and Sr/Ca indicates that
while coral-derived δ18 Osw may not be a precise proxy of rainfall, it records significant
rainfall events and is useful as an approximation of hydroclimate at Kiritimati Island.

The Sr/Ca-SST record indicates that SST at 4.4-4.2 kyr BP was approximately 1.3°C
warmer than the mean of the modern Kiritimati Island instrumental SST record, although
this cannot be stated with certainty due to caveats with Sr/Ca as an absolute SST
proxy. In comparison with the modern corals XM0 and XM22, the XM35 Sr/Ca-SST
record indicates SSTs that are 0.2°C cooler and 0.9°C warmer than the present-day
respectively. The XM0 modern coral is a less analagous record to XM35 than the XM22
modern coral, as the XM0 modern coral is from Kiritimati Island’s north and affected by
the cross-island SST gradient. A higher range of δ18 Osw in shown in XM35 compared to
XM22, with ranges of 1.1‰ and 0.75 in XM35 and XM22 respectively.
4.2.1

Wavelet analysis

A broad appraisal of the modes of climate variability present in the XM35 fossil coral
and instrumental SST records using wavelet analysis is useful prior to in-depth analysis.
For the modern instrumental SST record, the majority of power is within the 2-8 year
period of interannual variability (Figure 30, Table 4). Significant power at the 8-16 year
period of decadal variability is evident, with moderate power at the 16-32 year period of
multi-decadal variability Figure 30, Table 4). There is low power for the annual period.
While there is some temporal variability in the periodicity of these frequencies, they are
generally consistent throughout the modern instrumental SST record. Exceptions to this
are enhanced decadal variability from 1980-2015 and reduced interannual variability
from 1920-1940.
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Modern Instrumental SST

XM35 Sr/Ca-SST

Figure 30: Wavelet power spectrum time series (a) and the global wavelet spectrum (b)
generated from modern instrumental SST at Kiritimati Island and the XM35 Sr/Ca-SST record
wavelet power spectrum time series (c) and global wavelet spectrum (d). The black curve on a)
and c) denotes the cone of influence, where years and periodicities exterior to it have had their
variance reduced due to zero-padding. The dashed yellow line on b) and d) denotes the
threshold for statistical significance of the global power spectrum for a given power at the 95%
confidence interval.
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Period

Instrumental SST

XM35 Sr/Ca-SST

Global Power

Global Power

Annual (1 year)

4%

6%

Interannual (2-8 year)

53%

35%

Decadal (8-16 year)

24%

26%

Multi-decadal (16-32 year)

18%

30%

Table 4: The percentage of global wavelet power for each period in the modern instrumental
SST record from Kiritimati Island and the XM35 Sr/Ca-SST record. The percentages given do
not total 100% due to small power in the 1-2 year period.

In the XM35 Sr/Ca-SST record the highest power is also exhibited for the 2-8 year
period of interannual variability, although it is substantially reduced relative to the
modern instrumental SST record. The 16-32 year period of multi-decadal variability is
the second highest power period in the Sr/Ca-SST record and is enhanced relative to
the modern instrumental record (Table 4). The 8-16 year period of decadal variability
shows reduced power relative to the modern instrumental record, although a similar
percentage of global power is indicated (Figure 30, Table 4). Low power for the annual
period in the Sr/Ca-SST record is similar to that shown in the instrumental record.
There are significant temporal variations in power through the Sr/Ca-SST record
wavelet spectrum time series (Figure 30). Multi-decadal variability is strong for the first
80 years of the Sr/Ca-SST record (corresponding to 4.38-4.3kyBP), with a substantial
reduction in power at this period following. Interannual variability is weak for the first
50 years of the Sr/Ca-SST record, after which a 60-year period of higher interannual
variability is shown. Following this, interannual variability weakens for the remaining
years of the Sr/Ca-SST record. Notably, there is a substantial reduction in power at all
periods onwards from approximately 4.23 kyr BP.

Results from wavelet analysis indicate that the dominant modes of climate variability in
the equatorial central Pacific were different at 4.4-4.2 kyr BP compared to the presentday, with a significant reduction in interannual variability and enhanced multi-decadal
variability. These modes of variability were less stationary through time at 4.4-4.2 kyr
65

BP compared to the present-day. The Sr/Ca-SST time series exhibits less variance (σ2 =
0.902) compared to the modern instrumental record (σ2 = 1.046). The changes in power
of multi-decadal variability appear co-timed with changes in the power of interannual
variability, with a peak and decay of multi-decadal variability followed by increased
interannual variability.

This aspect of Sr/Ca-SST record wavelet analysis warrants

further investigation, as does an in-depth characterisation of interannual variability and
multi-decadal variability in the Sr/Ca-SST record.
4.2.2

Annual cycle

Despite low annual cycle power in the XM35 Sr/Ca-SST and modern instrumental
SST records, an examination of the annual cycle is useful to characterise possible
interactions with ENSO and for comparison against findings from previous studies such
as Emile-Geay et al. (2016) and McGregor et al. (2013). The mean annual cycle of SST
in the equatorial central Pacific at 4.4-4.2 kyr BP was lower in amplitude than present
with a temporally similar minima and delayed maxima relative to present (Figure 31).
The mean annual cycle of XM35 δ18 Osw that is equivalent to the rainfall annual cycle is
temporally different compared to present (Figure 32), with δ18 Osw minima in June-JulyAugust (corresponding to increased rainfall) and maxima in Dec-Jan-Feb (corresponding
to reduced rainfall).

The amplitude of the rainfall annual cycle cannot be directly

compared between δ18 Osw and modern rainfall data, although detrended δ18 Osw from
a Kiritimati Island modern coral stack (Nurhati et al. 2009) suggest lower amplitude in
the rainfall annual cycle (Figure 32).
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Figure 31: Comparison of annual cycles in SSTA (left) and δ18 O (right) at 4.4-4.2 kyr BP and
the present-day. The modern instrumental SST record (Section 3.5) and the microatoll modern
coral δ18 O stack from McGregor et al. (2013) incorporating data from McGregor et al. (2011)
and Woodroffe et al. (2003) are the present-day records used.

Figure 32: Comparison of the hydrological annual cycle from Kiritimati Island coral-derived

δ18 Osw (left) from the detrended Nurhati et al. (2009) modern coral stack and XM35 against
instrumental rainfall data (right) for the 2.5° x 2.5° grid centred on Kiritimati Island from Adler
et al. (2018). δ18 Osw from Nurhati et al. (2009) was detrended due to a freshening trend
(approximately -0.3‰) substantially larger than any trend featured in XM35 δ18 Osw .

The annual cycle of SST in the modern instrumental record peaks in April-May-June
subsequent to the present-day insolation maximum in February-March. In the XM35
Sr/Ca-SST record, the annual cycle peaks in July-August-September, coincident with
the relatively higher insolation for these months at 4.4-4.2 kyr BP relative to present
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(Figure 4). Annual cycle minima occurs in February for both the modern instrumental
SST record and the XM35 Sr/Ca-SST record. This SST annual cycle minima result
is expected due to tie-pointing in the XM35 age model of δ18 O minima to February. A
sharp SST increase in the modern annual cycle through February-March-April-May of
approximately 1.2°C is comparatively dulled in the XM35 Sr/Ca-SST record with an
SST increase of approximately 0.6°C for these months.

A reduced annual cycle at 4.4-4.2 kyr BP relative to present evidenced in the XM35
Sr/Ca-SST record contrasts with findings from the original δ18 O analysis of the XM35
fossil coral (Figure 31) McGregor et al. (2013). This differing finding may be due to
freshening evident in the δ18 Osw annual cycle occurring more “in-phase” with the SST
annual cycle than occurs at present, which would act to further enrich/deplete δ18 O
during the SST annual cycle minima/maxima. A weaker annual cycle in the equatorial
Central Pacific at 4.4-4.2 kyr BP is consistent with findings from Emile-Geay et al. (2016)
of a reduced annual cycle in the tropical CP from 5-3 kyr BP. The monthly variance of
SST at 4.4-4.2 kyr BP evidenced in the XM35 Sr/Ca-SST record is more uniform than
the monthly variance in the modern instrumental record (Figure 33).

Figure 33: Variance of SST for a given month across the modern instrumental SST record time
series (blue) and the XM35 Sr/Ca-SST time series (orange).

4.2.3

Interannual (ENSO) variability

In the XM35 Sr/Ca-SST record, 14 definitive El Niño events and 16 definitive La Niña
events were identified through both cluster analysis and bandpass filtering. A total of
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35 El Niño events and 32 La Niña events were identified (including definitive events),
corresponding to 20 events per century and 18 events per century respectively in the
Sr/Ca-SST record. The majority of ENSO events that were not detected through both
methods were classified through cluster analysis. It is likely that the definitive events
represent stronger ENSO events from being detected through both methods and that
most of the ENSO events classified through one method represent real ENSO events,
albeit weaker events than those classified through both cluster analysis and bandpass
filtering. In the modern instrumental record at Kiritimati Island, 35 El Niño events and
38 La Niña events were identified, corresponding to 23 events per century and 28
events per century respectively. ENSO variance as assessed through the filtered (2-8
year) Sr/Ca-SST record (σ2 = 0.24°C) was 53% weaker than the variance of the filtered
modern instrumental record (σ2 = 0.51°C). ENSO was weaker as a mode of climate
variability at 4.4-4.2 kyr BP compared to the present.

The 60-year period of enhanced ENSO variability in the Sr/Ca-SST record shown in
wavelet analysis (Figure 30) is shown in the filtered Sr/Ca-SST record (Figure 34.
Exterior to this band that spans from approximately 4310-4250 yr BP, strong ENSO
events are rare and very strong events are non-existent. Although time periods featuring
a quiescent ENSO are evidenced in the modern instrumental record (1920-1940), the
quiescence of ENSO exhibited in the Sr/Ca-SST is larger in scale. The ENSO events
and the period of relatively heightened ENSO activity indicated by the filtered XM35
Sr/Ca-SST record are not similar to the filtered XM35 δ18 O record (Figure 35). An
in-depth comparison with findings from McGregor et al. (2013), comparison with other
paleoclimate records and implications for ENSO in the mid-Holocene are discussed in
Section 5.1.
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Modern Instrumental SST

XM35 Sr/Ca-SST

Figure 34: The bandpass filtered (2-8 year) modern instrumental SST record (1880-2017) (top)
and XM35 Sr/Ca-SST record at 4.4-4.2 kyr BP (bottom). Radiating from the centre outwards,
the coloured lines indicate the threshold for a weak ENSO event, a moderate ENSO event, a
strong ENSO event and a very strong ENSO event in the filtered SST records. Red lines
correspond to an El Niño event and blue lines correspond to a La Niña event.
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XM35 δ18 O

XM35 δ18 Osw

Figure 35: The bandpass filtered (2-8 year) XM35 δ18 O (top) and δ18 Osw record (bottom).
Coloured lines for the filtered δ18 O indicate the threshold for moderate and strong ENSO events
set at 1σ and 2σ of the filtered modern coral stack δ18 O from McGregor et al. (2013) for δ18 O
and 1σ and 2σ of the filtered XM22 δ18 Osw record for δ18 Osw . Red lines correspond to the El
Niño event thresholds and blue lines correspond to the La Niña event thresholds.
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To examine changes in the month-by-month structure of ENSO events and whether
paleo-ENSO at 4.4-4.2 kyr BP was phase locked to the annual cycle as it is today, a
composite time series (as in Clarke (2008) and Rasmusson & Carpenter (1982)) was
created of SST in the year preceding an ENSO event (Year -1), the year of the event
(Year 0) and the year following the event (Year +1) for defined ENSO events. For the
XM35 Sr/Ca-SST composite time series, only definitive ENSO events are included in
the time series. The mean monthly SST of all classified events at 4.4-4.2 kyr BP are
included in the figures (light gray). The mean monthly SST derived from the modern
ENSO composite time series is included for reference in the Sr/Ca-SST composite time
series. The composite time series figures do not share a common y-axis range for
clarity due to slightly warmer SSTs at 4.4-4.2 kyr BP.

For modern El Niño events (Figure 36a), SST increases in the Mar-Apr-May of Year
-1, followed by sharp event emergence and growth in the Mar-Apr-May of Year 0. In
the Jun-Jul-Aug and Sep-Oct-Nov of Year 0, SST continues to increase with a peak
in Nov-Dec followed by moderate decay throughout Year +1. ENSO events in the
modern instrumental record feature a strong phase-locking to the annual cycle, with
emergence/growth/peak event phases occurring at the same time of the calendar year
for the vast majority of events. For the modern El Niño event composite time series, two
classified events (1969-70 and 1986-87) were excluded from the figures for clarity, as
these were weaker events following on from or preceding a stronger event.
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Figure 36: Composite time series of SST from the modern instrumental SST record at during
an El Niño event (a) (1880-2017) and during definitive El Niño events at 4.4-4.2 kyr BP derived
from XM35 Sr/Ca-SST (b).
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El Niño event growth and amplitude is weaker at 4.4-4.2 kyr BP (Figure 36b). For
El Niño events at 4.4-4.2 kyr BP, event phase-locking is robust although there are
several differences evident. The stages of event emergence and growth occur at similar
time periods as in the modern composite time series. Event emergence during the
Mar-Apr-May of Year 0 is particularly reduced, with much greater variability in SST at
this time of the calendar year compared to the modern composite time series. Event
growth during the Jun-Jul-Aug of Year 0 is common and somewhat enhanced relative
to the modern composite time series. Peaking of El Niño events occurs slightly earlier
at 4.4-4.2 kyr BP, with a Sep-Oct peak rather than a Nov-Dec peak as occurs in the
modern composite time series. The September peak indicated by the mean SST of
all events classified is likely more reliable, as this incorporates weaker El Niño events
that were less likely to be classified by both cluster analysis and bandpass filtering.
While phase-locking is evidently present for El Niño events at 4.4-4.2 kyr BP, the
slight differences in timing and amplitude of event phases has implications for ENSO
dynamics that will be further discussed in Section 5.1.

For modern La Niña events, Year -1 is highly variable with both cool SST from neutral
ENSO years and warm SST from prior El Niño events evident. An increase in SST
during Mar-Apr-May is also a common feature (Figure 37a). Modern La Niña events
enter an event growth phase during the Jun-Jul-Aug and Sep-Oct-Nov of Year 0, followed
by a typical event peak in the Jan-Feb of Year +1 followed by event decay throughout
Year +1. As with modern El Niño events, modern La Niña events are strongly phaselocked to the annual cycle, with event phases occurring at approximately the same time
of the calendar year for the vast majority of events.

74

Figure 37: Composite time series of SST from the modern instrumental SST record during a La
Niña event (1880-2017) (a) and during definitive La Niña events at 4.4-4.2 kyr BP derived from
XM35 Sr/Ca-SST (b).
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La Niña events at 4.4-4.2 kyr BP are also weaker than the present-day (Figure 37b).
Phase-locking of La Niña events at 4.4-4.2 kyr BP to the calendar year similar to
the modern composite time series is shown, with several notable differences and
similarities. Similar to the modern composite time series, Year -1 is highly variable,
although a sharper decrease in SST in the Dec-Jan-Feb of Year -1/Year 0 is evident and
appears common to all definitive events. This may due to the relatively lower insolation
for these months at 4.4-4.2 kyr BP relative to present (Figure 7). La Niña event growth
in Year 0 follows a similar phase-locking to the calendar year as the modern composite
time series, although cooling is weaker. The peak of La Niña events occurs in Jan-Feb,
similar to the modern composite time series.

No substantial differences in timing

between definitive events and all classified events in the Sr/Ca-SST record are evident,
although slightly decreased mean event amplitude is indicated in the mean SST for all
events classified at 4.4-4.2 kyr BP.

La Niña event stages that typically feature sharp, consistent change to SST for all
events in the modern composite time series (e.g. Mar-Apr-May of Year -1 and Year
0) are weaker and feature higher variability in SST for all events during the event growth
stage. To investigate this variability with greater depth, standard deviation of SST was
calculated for every month of Year -1, Year 0 and Year +1 in the modern instrumental
SST and XM35 Sr/Ca-SST El Niño and La Niña event composite time series. The
difference in standard deviation for a given month in the XM35 Sr/Ca-SST composite
time series relative to the modern instrumental SST composite time series was then
calculated (Figure 38). For both El Niño and La Niña events, standard deviation is
greater throughout Year 0 at 4.4-4.2 kyr BP. This is consistent with the changes to SST
that are typical of ENSO event phases (e.g. sharp increase in SST in MAM of Year 0 for
El Niño events) being less uniform at 4.4-4.2 kyr BP. The implications of this for ENSO
dynamics will be further discussed in Section 5.1.
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Figure 38: The standard deviation differences for a given month of an El Niño (a) or La Niña
event (b) in the XM35 Sr/Ca-SST record relative to the modern instrumental record. For
example, the positive standard deviation difference in MAM of Year -1 in a) indicates that SSTs
in these months of a El Niño event were more variable at 4.4-4.2 kyr BP relative to present.

Differences in the hydrological aspect of paleo-ENSO at 4.4-4.2 kyr BP are more difficult
to assess through the XM35 δ18 Osw record. Initially, a mean trend of drier conditions in El
Niño events and wetter conditions in La Niña events was observed (Figure 39). However,
there is high variability in δ18 Osw for the classified ENSO events and the trend in mean

δ18 Osw for both El Niño and La Niña events was lower than the δ18 Osw standard error of
± 0.1 ‰. A yearly rainfall threshold of 1800 mm at Kiritimati Island needed to record
rainfall events in coral-derived δ18 Osw (McGregor et al. 2011) is also a confounding
factor in examining month-to-month δ18 Osw variability in the context of ENSO events.
A relatively short 25-year modern record of δ18 Osw at Kiritimati Island available from
Nurhati et al. (2009) limits comparison to modern climate. Despite these limitations,
the high variability in δ18 Osw suggests reduced ocean-atmosphere coupling at Kiritimati
Island at 4.4-4.2 kyr BP.
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Figure 39: Composite time series of XM35 δ18 Osw during definitive El Niño (a) and La Niña
events (b) at 4.4-4.2kyr BP. The dashed line indicates a threshold where negative values above
it represent wetter conditions at Kiritimati Island and positive values below it represent drier
conditions at Kiritimati Island.
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4.2.4

Multi-decadal and centennial variability

Significant multi-decadal variability at 4.4-4.2 kyr BP is evident in wavelet analysis of
the XM35 Sr/Ca-SST record (Figure 30, Table 4). Multi-decadal variability is strongest
at 4.4-4.3 kyr BP, with a reduction in multi-decadal variability shown at 4.3-4.2 kyr
BP alongside reduction of power in other modes of climate variability. In the XM35
Sr/Ca-SST trend spline, an overall cooling trend of approximately 1.0-1.5°C is shown
(Figure 40). An abrupt cooling episode appears to manifest at approximately 4.31 kyr
BP. The variability evident in the modelled SST trend spline is likely a step-change or
occurring on a longer time scale than the 15-30 year periodicity limit of the wavelet
analysis conducted (Figure 30).

Multi-decadal variability in hydroclimate at 4.4-4.2 kyr BP is evident in the XM35 δ18 Osw
record. A multi-decadal dry period is indicated at 4.4-4.3 kyr BP through enriched

δ18 Osw (Figure 40). Following this, relatively wetter conditions prevail at 4.3-4.2 kyr BP.
The likely mode of multi-decadal variability in the Sr/Ca-SST and δ18 Osw records will be
further discussed in Section 5.2.

Figure 40: Time series of the Sr/Ca-derived SST (a) and centred δ18 Osw (b) from XM35. The
bold lines represent the trend spline modelled from the raw datasets.
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5

Discussion

The Sr/Ca-SST, δ18 O and δ18 Osw records from the XM35 fossil coral provide a
high-resolution view into the climate of the equatorial central Pacific in the mid-late
Holocene. Results presented in this thesis suggest that ENSO was weaker in the
mid-Holocene with a 53% reduction in ENSO variance compared to present. The
XM35 Sr/Ca-SST record indicates slight changes in ENSO event phase-locking to
the calendar year, including an earlier El Niño event peak at September-October
(Figure 36) and greater standard deviation in SST during the year of ENSO events
(Figure 38).

Section 5.1 compares the XM35 record with other studies of paleo-

ENSO and discusses implications of the XM35 Sr/Ca-SST record for ENSO dynamics.
Section 5.2 investigates possible links of the XM35 Sr/Ca-SST and δ18 Osw records with
the ‘4.2ka event’ megadrought and discusses scenarios for possible mechanisms of a
Pacific Ocean driver of the ‘4.2ka event’ in the context of new results from XM35.

5.1

El Niño-Southern Oscillation at the mid-late Holocene
boundary

5.1.1

Comparison with other paleoclimate records from the tropical Pacific

The 53% reduction in ENSO variance in the XM35 Sr/Ca-SST record are broadly
consistent with mid-Holocene paleoclimate records across the tropical Pacific. In the
WP, fossil coral δ18 O records indicate an ENSO variance reduction of 30-60% (Brown
et al. 2008a; McGregor & Gagan 2004; Tudhope et al. 2001). Evidence of ENSO
variance reduction is also robust in the CP. The Cobb et al. (2013) fossil coral δ18 O
records from Kiritimati Island indicate reduced ENSO variance. The variance of the
P381 fossil coral at 5 kyr BP is 82% reduced (σ2 = 0.0030 ‰), the P34 fossil coral at
4.1-4.0 kyr BP is 45% reduced (σ2 = 0.0052 ‰) and the P43 fossil coral at 3.8 kyr BP is
69% reduced (σ2 = 0.0092 ‰) relative to the modern coral δ18 O stack at Kiritimati Island
(σ2 = 0.0169 ‰) from McGregor et al. (2013). Although the P43 and P34 δ18 O records
from Cobb et al. (2013) are technically late Holocene records, they indicate that ENSO
variance may have been reduced until 3.8 kyr BP. In the tropical EP, foraminifera δ18 O

80

indicates a 50% reduction of ENSO variance between 6-4 kyr BP (Koutavas & Joanides
2012). A 55% reduction in ENSO variance at 4.7 kyr BP is also indicated by fossil
mollusk δ18 O in the tropical EP (Carré et al. 2014). Thus, a large-scale reduction in
mid-Holocene ENSO variance is broadly consistent across tropical Pacific paleoclimate
records.

The differences in the magnitude of mid-Holocene ENSO variance reduction indicated
by paleoclimate records could be for several reasons. Intrinsic variability in ENSO
that records published so far only capture a portion of could be a primary reason
(Wittenberg 2009). Obtaining high-resolution records that are centennial or longer
has been identified as a key step in accurately capturing paleo-ENSO behaviour and
reducing uncertainties associated with relatively short paleoclimate records, as they
may only sample the range of ENSO variability rather than mean ENSO variability
(Wittenberg 2009). For fossil corals, coral paleoenvironment could also impact the
ENSO variance indicated. It is assumed that the XM35 fossil coral is representative
of open ocean conditions (Section 4.2), which is also assumed for the other fossil coral
records, considering a lack of evidence that suggests otherwise. For fossil coral and reef
core records, diagenesis can impact the reduction in ENSO variance indicated. The
diagenetic condition of mid-late Holocene tropical Pacific coral and reef core records
was investigated and is summarised below in Table 5. The records of Corrège et al.
(2000) and Woodroffe et al. (2003) do not report screening for diagenesis and as a
precaution, the results are excluded from further consideration in this subsection. Corals
not screened for diagenesis or found to be in ‘Poor’ condition in Cobb et al. (2013) are
also excluded from further consideration.
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Record/Study

Age (kyr BP)

Diagenetic Condition

Huon Coral (McGregor & Gagan 2004)

6.5

Well-preserved

Muschu Coral (McGregor & Gagan 2004)

6.1

Well-preserved

Toth et al. (2015a,b)

5.1-4.4, 3.9-3.7

Well-preserved

P381 (Cobb et al. 2013)

5

‘Excellent’ Condition

P34 (Cobb et al. 2013)

4.1-4.0

‘Excellent’ Condition

P40 (Cobb et al. 2013)

4.0-3.9

Not screened

Corrège et al. (2000)

4-1.4.0

Not screened

P43 (Cobb et al. 2013)

3.8-3.7

‘Good’ Condition

XM9 (Woodroffe et al. 2003)

3.6

Not screened

P26 (Cobb et al. 2013)

3.4

‘Poor’ Condition

Table 5: A summary of the diagenetic condition of mid-late Holocene fossil coral/reef core
records from the tropical Pacific, as reported in the respective published study.

The differences in ENSO variance indicated by the XM35 Sr/Ca-SST and δ18 O records
can be examined to provide clues as to the processes influencing coral δ18 O. The
XM35 Sr/Ca-SST record indicates a 53% reduction in ENSO variance at 4.4-4.2 kyr
BP relative to present, while the XM35 δ18 O record indicates a 79% reduction in ENSO
variance at 4.4-4.2 kyr BP relative to present (McGregor et al. 2013). This difference
cannot be attributed to differing diagenetic condition or time periods covered, as the
same subsamples were used for the vast majority of Sr/Ca and δ18 O measurements.
The difference could be due to the influence of δ18 Osw on coral δ18 O. Although SST
influence was calculated to account for 90% of XM35 δ18 O, similar to the present day
(Evans et al. 1999; McGregor et al. 2011), there is significantly less correlation between
SST and δ18 O in XM35 (R2 = 0.28) than the XM22 modern coral (R2 = 0.59) or the XM0
modern coral (R2 = 0.54). This indicates that δ18 Osw did not co-vary constructively with
SST as happens in the present-day climate (e.g. Figure 11). For example, negative

δ18 Osw anomalies often accompany warmer SSTs during El Niño events at Kiritimati
Island in the present-day (Figure 11) and acts to “enhance” the δ18 O signal (McGregor
et al. 2011). The reduced ocean-atmosphere coupling suggested by high variability in
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δ18 Osw during ENSO events at 4.4-4.2 kyr BP may have played a role in this (Figure 39).
The less constructive co-variance of SST and δ18 Osw likely explains differences in
findings from the XM35 Sr/Ca-SST and the δ18 O analysis by McGregor et al. (2013).

The influence of δ18 Osw on the XM35 δ18 O record likely impacted other findings from
McGregor et al. (2013), such as the ENSO events classified, annual cycle strength and
phase-locking of ENSO events to the calendar year. There are significant differences
between ENSO events indicated by bandpass filtering of the Sr/Ca-SST and δ18 O
records (Figure 34, Figure 35). This may be due to differences in SST/δ18 Osw covariance at 4.4-4.2 kyr BP previously mentioned and changing influence of δ18 Osw on
coral δ18 O through the length of the record. For example, δ18 Osw is enriched on average
by 0.1‰ from 4350-4300 yr BP and depleted on average by -0.06‰ from 4300-4250
yr BP (Figure 40). This may have affected individual event classification and distorted
ENSO-related frequencies in filtering of the δ18 O record. The XM35 Sr/Ca-SST record
indicates an annual cycle at 4.4-4.2 kyr BP that was weaker than the present-day
(Figure 31). Conversely, McGregor et al. (2013) found a strengthened annual cycle
at 4.4-4.2 kyr BP from XM35 δ18 O relative to the modern coral stack δ18 O. A weaker
annual cycle indicated by XM35 Sr/Ca-SST and a stronger annual cycle indicated by
XM35 δ18 O can be attributed to the respective maxima and minima of the SST and
rainfall (as indicated by δ18 Osw ) annual cycles occurring more “in-phase” at 4.4-4.2 kyr
BP than occurs at present in the modern records, with both SST annual cycle maxima
and δ18 Osw minima occurring in July-August (Figure 41).
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Figure 41: Comparison of the annual cycles of SSTA, δ18 O and δ18 Osw /rainfall at 4.4-4.2 kyr BP
(left) and the present-day (right). The blue bar in the 4.4-4.2 kyr BP subfigure indicates when
the annual cycles are “in-phase” in Jun-Jul-Aug. Note that only the SSTA dataset spanned
1880-2017 in the present-day subfigure, with the modern microatoll δ18 O stack record from
McGregor et al. (2013) spanning 1978-2007 and the instrumental rainfall dataset from Adler
et al. (2018) spanning 1979-2017.

The peak of ENSO events at 4.4-4.2 kyr BP indicated by XM35 δ18 O was delayed
relative to present, with peak El Niño at 4.4-4.2 kyr BP occurring in February rather than
the November-December peak for the present-day (Figure 42, Figure 36a) (McGregor
et al. 2013). Conversely, the Sr/Ca-SST results indicate peak El Niño occurring in
September-October (Figure 36), slightly earlier than present. The delayed El Niño event
peak indicated by δ18 O is not explained by differences in the annual cycle of SSTA
and rainfall. Different timing of peak El Niño events may be a function of the differing
methodologies used. Another possible explanation is that the cluster analysis of δ18 O
and the assignment of El Niño/La Niña/Neutral clusters in McGregor et al. (2013) may
have been impacted by the aforementioned non-stationarity of δ18 Osw influence on XM35

δ18 O. The XM35 Sr/Ca-SST and δ18 O results further support that paired measurement
of fossil coral δ18 O and Sr/Ca is advisable for climate reconstruction from fossil corals,
as δ18 Osw influence on coral δ18 O can have flow-on impacts when using δ18 O records in
data-model comparison to delineate ENSO dynamics in the mid-Holocene (Phipps et al.
2013).

84

Figure 42: Composite figure of XM35 δ18 O anomaly during ENSO event years identified by
cluster analysis in McGregor et al. (2013). Figure from McGregor et al. (2013).

5.1.2

Implications for ENSO dynamics

Results from this study provide more detailed views into ENSO dynamics compared to
previously published mid-Holocene paleoclimate records. The paired XM35 Sr/Ca-SST
and δ18 Osw records allow a delineation of SST and hydroclimate variability, which can
assist in understanding ENSO processes and how ENSO may respond to external
forcing. Phase locking of ENSO at 4.4-4.2 kyr BP is evident (Figure 36, Figure 37),
lending support to the phase-locking of ENSO events being a fundamental property
of ENSO. This indicates that phase-locking of ENSO events will likely remain robust
under future climate scenarios, albeit with slight differences possible. Comparison
of the XM35 Sr/Ca-SST record to the modern instrumental SST record suggests
direct links between mid-Holocene precessional forcing, annual cycle reduction and
ENSO reduction. High variability in δ18 Osw during ENSO events (Figure 39) suggests
reduced ocean-atmosphere coupling during ENSO events at 4.4-4.2 kyr BP compared
to present.

This subsection will further explore the XM35 Sr/Ca-SST and δ18 Osw

observations in the context of ENSO dynamics.

Several studies have argued that ENSO may be sensitive to external forcing (Clement
et al. 2000; Tudhope et al. 2001). The mid-Holocene is a “test case” study period of
ENSO sensitivity to external forcing, as the mid-Holocene featured precessional forcing
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that caused enhanced insolation seasonality (Figure 4) (Berger & Loutre 1991; Brown et
al. 2008b). To assess ENSO sensitivity to external forcing through the XM35 Sr/Ca-SST
record, the 4.4-4.2 kyr BP and present-day ENSO composite time series (Figure 36,
Figure 37) were compared with equatorial insolation at 4.4-4.2 kyr BP and the presentday (Figure 43). The mean SST annual cycle at 4.4-4.2 kyr BP and the present-day
(Figure 31) were also compared to equatorial insolation at 4.4-4.2 kyr BP and the
present-day and the ENSO composite time series to investigate the annual cycle/ENSO
relationship.

Figure 43: A comparison of annual insolation, the mean SSTA during the year of an El Niño
event and the mean SSTA annual cycle at 4.4-4.2 kyr BP (left) and the present-day (right).
Insolation data from Berger & Loutre (1991).

Insolation at the equator in the boreal autumn (September-October-November) was
enhanced at 4.4-4.2 kyr BP relative to the present, featuring a September/October
annual insolation maxima as opposed to the present-day annual insolation maxima
of February/March (Figure 43). Although insolation forcing impacts SST, seasonal
changes in the meridional SST gradient of the tropical EP also impacts the SST annual
cycle in the equatorial central Pacific through wind stress-induced cooling in the latter
half of the calendar year (Li & Philander 1996; McGregor et al. 2011), explaining the
singular annual peak of the SST annual cycle in comparison to the bi-annual insolation
peak (Figure 43). The weaker equatorial insolation through Feb-Mar-Apr-May at 4.4-4.2
kyr BP relative to present (Figure 43) may have caused SST annual cycle growth
through Feb-Mar-Apr-May at 4.4-4.2 kyr BP to be weaker relative to present.
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The weaker SST annual cycle at 4.4-4.2 kyr BP may have been a factor in mid-Holocene
ENSO reduction. In the modern instrumental SST record, there is a 1.2°C increase in
SST through Feb-Mar-Apr-May, whereas the XM35 Sr/Ca-SST annual cycle indicates
a 0.6°C increase in SST through Feb-Mar-Apr-May (Figure 43). In the modern ENSO
composite time series, the vast majority of ENSO events show very similar development
and low standard deviation in SSTs across events at Feb-Mar-Apr-May (Figure 36,
Figure 37, Figure 38). In the 4.4-4.2 kyr BP ENSO composite time series, SST during
ENSO events is higher in standard deviation through Feb-Mar-Apr-May relative to the
modern ENSO composite time series (Figure 36, Figure 37, Figure 38). In comparison
of the modern instrumental SST record and the XM35 Sr/Ca-SST record, weaker El
Niño event development at 4.4-4.2 kyr BP through Feb-Mar-Apr-May appears to be
linked to the 0.6°C weaker increase in the SST annual cycle through Feb-Mar-Apr-May
at 4.4-4.2 kyr BP relative to present (Figure 43). This suggests that there is a positive
correlation between annual cycle amplitude and ENSO amplitude.

A positive correlation between annual cycle amplitude and ENSO amplitude indicated
in comparison of the modern instrumental SST record and the XM35 Sr/Ca-SST
record is inconsistent with several previous studies. Multiple modelling experiments
and analyses of modern instrumental SST indicate that there is a negative correlation
between annual cycle strength and ENSO strength (An et al. 2010; Timmermann et al.
2007; Wang 1994). A positive correlation between annual cycle amplitude and ENSO
amplitude and a possible direct impact from precessional forcing at 4.4-4.2 kyr BP
(Figure 43) is inconsistent with findings from a statistical analysis of tropical Pacific
paleoclimate records (Emile-Geay et al. 2016), that suggested no simple link between
orbital forcing and annual cycle amplitude/ENSO amplitude. Although future research
and development of more long-lived fossil coral Sr/Ca-SST records would be needed
to verify this, a simple positive dynamical link between annual cycle amplitude and
ENSO variance that models are not re-creating could be contributing to data-model
discrepancies in mid-Holocene ENSO variance reduction.
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The XM35 Sr/Ca-SST results are consistent with modelling results from Clement
et al. (2000) that indicate El Niño events peaking in September in the mid-Holocene
(Figure 44), and the insolation feedback mechanism proposed for mid-Holocene ENSO
weakening in Clement et al. (2000) could have acted to suppress El Niño events at
4.4-4.2 kyr BP. The SST annual cycle maxima in June-July-August (the boreal summer)
at 4.4-4.2 kyr BP may have induced zonally asymmetric heating of the equatorial Pacific
through differing atmospheric responses to heating in the tropical WP and EP (Clement
et al. 2000). This would have acted to induce easterly wind stress in the equatorial
Pacific over the boreal autumn and winter (September to February). This easterly wind
stress would have acted to cool the equatorial central Pacific and suppress El Niño
events during the time when El Niño events typically peak in the modern instrumental
SST record (Figure 36). This mechanism is consistent with the decay in the 4.4-4.2 kyr
BP SST annual cycle from October through to February (Figure 43).

Figure 44: El Niño event evolution under modern orbital forcing (solid line) and mid-Holocene
orbital forcing (dashed line) in the Clement et al. (2000) model. An El Niño event peak of
September is indicated in the mid-Holocene El Niño event evolution, consistent with results
from this thesis (Figure 36). Figure modified from Clement et al. (2000).

The mechanism proposed by Clement et al. (2000) could also explain differences in
ENSO event phase-locking at 4.4-4.2 kyr BP. El Niño event phase-locking at 4.4-4.2
kyr BP is different to the modern instrumental SST record (Figure 36), whereas La
Niña events at 4.4-4.2 kyr BP peak in February similar to the modern instrumental
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SST record (Figure 37). Cooling of the equatorial Pacific from September through to
February would be less likely to shift the timing of La Niña event peaks than the timing
of El Niño event peaks. The ability of the relatively simple and idealised model from
Clement et al. (2000) at reproducing similar results from the XM35 Sr/Ca-SST record
suggests that complex models indicating a delayed peak El Niño in the mid-Holocene
relative to present (e.g. Karamperidou et al. (2015), Pausata et al. (2017) and those
included in Tian et al. (2017)) may need to be investigated with regards to model
physics and specifications.

Precessional forcing is the best supported driver of suppressed ENSO variability in
the mid-Holocene, although the specific linking mechanisms are unclear (Koutavas
& Joanides 2012; Liu 2002; Liu et al. 2014; Tian et al. 2017). The precessional
forcing-related mechanisms suggested above likely do not account for the full breadth
of mechanisms that caused mid-Holocene ENSO weakening.

Other mechanisms

that have been suggested as playing a role in mid-Holocene ENSO weakening are
intensified monsoonal rainfall and atmospheric circulation at the low-latitudes arising
from precessional forcing (Tian et al. 2017), changed vegetation cover and dust
emission in north Africa which is not accounted for in most models (Pausata et al.
2017), an enhanced zonal SST gradient in the tropical Pacific (Koutavas & Joanides
2012) and meridionally asymmetric warming of the Pacific Ocean (White et al. 2018).
However, a somewhat common feature of the mechanisms suggested are a substantial
weakening of the Bjerknes Feedback through deepening of the thermocline, which is
ultimately linked to precessional forcing (Koutavas & Joanides 2012; Pausata et al.
2017; White et al. 2018).

Notwithstanding uncertainties in the mechanisms for mid-Holocene ENSO weakening,
the results in this thesis further support that precessional forcing likely played a role in
mid-Holocene ENSO suppression and that ENSO is sensitive to external forcing. The
insolation feedback mechanism suggested above and a positive correlation between
annual cycle amplitude and ENSO variance may have played a substantial role in midHolocene ENSO weakening. These findings contrast with several previous studies,
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which suggest that the magnitude of ENSOs internal variability overshadows any impact
from precessional forcing (Cobb et al. 2013; Emile-Geay et al. 2016). Additionally, this
further validates that there is precedence for ENSO sensitivity to changed radiative
forcing of the Earth climate system, which may have implications for the operation
of ENSO under future changes arising from anthropogenic greenhouse gas forcing
(Stevenson et al. 2011).
5.1.3

El Niño-Southern Oscillation onwards from 4.2 kyr BP

Several trends reflected in the XM35 Sr/Ca-SST and δ18 Osw records may have
implications for the operation of ENSO at 4-3 kyr BP and the hypothesised “switch-on”
of modern ENSO variability at approximately this time (Walker et al. 2012). Previous
findings from the tropical EP suggest of a transition to a La Niña-like mean state from
approximately 4 kyr BP onwards (Conroy et al. 2008; Thompson et al. 2017; Toth et al.
2015a). In the XM35 Sr/Ca-SST record, El Niño event frequency decreases whereas
La Niña event frequency increases from 4.4-4.2 kyr BP (Figure 45). This suggests of a
transition from an El Niño-like mean state to a La Niña-like mean state commencing at
4.4-4.2 kyr BP, consistent with previous findings from the tropical EP and cooler SSTs
in the younger half of the XM35 Sr/Ca-SST record. However, other records from 5-3
kyr BP would be needed to verify this as even 200-year long records of ENSO may be
insufficient in determining long-term ENSO changes (Wittenberg 2009).

Figure 45: The total ENSO events identified for each 30-year period in the XM35 Sr/Ca-SST
record.
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An overall cooling trend of 1.0-1.5°C is present in the XM35 Sr/Ca-SST record. If this
cooling trend continued onwards from 4.2 kyr BP, this could have significantly impacted
the operation of several key climate components and dynamics in the tropical Pacific.
There is also evidence of oceanic cooling in the tropical EP of approximately 2°C
from 4.4-3.9 kyr BP (Toth et al. 2015a). Upwelling in the tropical EP was amplified
from 4.3-3.8 kyr BP (Toth et al. 2015b). This suggests that the thermocline in the
tropical EP may have been shallower after 4.3 kyr BP. Throughout the mid-Holocene,
a deeper thermocline likely played a key role in the reduction of ENSO variability
through a fundamental weakening of the Bjerknes Feedback that is a key component
of ENSO operation (Karamperidou et al. 2015; White et al. 2018) (see also Section
2), although the precise mechanism of thermocline deepening is unclear. Shoaling of
the thermocline onwards from 4.3 kyr BP through oceanic cooling may have facilitated
the hypothesised “switch-on” of modern ENSO variability through a strengthening of
the Bjerknes Feedback. This scenario of enhanced ENSO variability commencing at
approximately 4.0-3.5 kyr BP is further supported by several other records, such as

δ18 O variance in tropical EP foraminifera (Figure 8) (Koutavas & Joanides 2012) and
increased spectral density of tropical EP lake sediments in the ENSO bandwidth at this
time (Rodbell et al. 1999).

However, the weak interannual/ENSO variability at 4.23-4.19 kyr BP evidenced in the
Sr/Ca-SST record at the time of relatively cool SSTs suggests that this scenario may be
oversimplified. The scenario is based on limited data and further fossil coral Sr/Ca-SST
reconstructions would be needed at 4.2-3 kyr BP to test this hypothesis. Nevertheless,
this scenario is plausible. Fossil coral Sr/Ca-SST records from 6-5 and 4-3 kyr BP
could be used to test if the temporal structure of ENSO events were sensitive to the
gradual reduction of insolation seasonality from 6-3 kyr BP (Figure 4). Additional δ18 Osw
records obtained from paired δ18 O and Sr/Ca fossil coral measurements could be used
to delineate δ18 Osw dynamics in the tropical Pacific throughout the mid-Holocene. There
are interesting links between oceanic cooling shown in the XM35 Sr/Ca-SST record, the
P34 fossil coral δ18 O record from Kiritimati Island (Cobb et al. 2013) and paleoclimate
records of the ‘4.2ka event’ that warrants further exploration.
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5.2

The ‘4.2ka event’ megadrought in the equatorial central Pacific

Several fossil coral records from the equatorial central Pacific including XM35 overlap
with the timing of the ‘4.2ka event’. The XM35 Sr/Ca-SST record shows an abrupt
cooling episode of 2-3°C at 4.32-4.3 kyr BP, which is co-timed within dating uncertainties
(± 30 years) to the first of the “two-step” signal in δ18 O enrichment of the Mawmluh
Cave speleothem (Berkelhammer et al. 2013), the boundary stratotype demarcating
the mid-late Holocene boundary and a significant paleoclimate record of the ‘4.2ka
event’ (Figure 46). The coral piece corresponding to this cooling episode was verified
as being in ‘Great’ diagenetic condition (XM35-O1).
cooler SSTs persist (Figure 28).

After this cooling episode,

In the Mawmluh Cave record, δ18 O enrichment

corresponds to weakening of the Indian monsoon and associated drought that was
severe enough to result in societal collapse (Berkelhammer et al. 2013; Weiss 2016).
This correspondence supports that the ‘4.2ka event’ had an expression in the equatorial
central Pacific.

The equatorial central Pacific fossil coral δ18 O records XM35 (McGregor et al. 2013),
P43 (Cobb et al. 2013) and P34 (Cobb et al. 2013) provide supporting evidence for
oceanic cooling in the equatorial central Pacific linked to the ‘4.2ka event’.

δ18 O

enrichment in XM35 of approximately 0.4‰ at the time of the ‘4.2ka event’ signal shown
in the Sr/Ca-SST record corresponds to a cooling of approximately 2-3°C at this time
using the generally agreed upon range of -0.15 to -0.22‰ per °C of the δ18 O-SST
slopes of corals (Devriendt 2016; Gagan et al. 2012). However, wetter conditions in the
decades following cooling (Figure 28) obscured the persistently cooler SSTs in XM35.
Oceanic cooling is also indicated through δ18 O enrichment in the P34 fossil coral from
Cobb et al. (2013), which is co-timed within dating uncertainties to the second of the
“two-step” δ18 O enrichment signal in the Mawmluh Cave speleoethem at approximately
4.1 kyr BP (Figure 46).
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Figure 46: Comparison of the Mawmluh Cave δ18 O record against the Sr/Ca-SST record from
the XM35 fossil coral (top) and the δ18 O records from XM35 (McGregor et al. 2013) and the
P34 and the P43 fossil coral from Cobb et al. (2013) (bottom). Bold lines indicate trend splines
modelled from the fossil coral data.

A δ18 O enrichment of approximately 0.7‰ at approximately 4060 yr BP in the P34 fossil
coral corresponds to a cooling of approximately 3-5°C (Figure 46). A larger cooling trend
evidenced in the P34 fossil coral compared to the XM35 fossil coral Sr/Ca-SST record
could reflect the higher magnitude of the second enrichment step at approximately
4.1 kyr BP in the Mawmluh Cave speleothem compared to the first enrichment step
at approximately 4.3 kyr BP. Although changes in δ18 Osw influence on coral δ18 O are
possible, a relative change of approximately -0.4‰ between the XM35 and P34 fossil
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corals is indicated. This relative δ18 O change is outside the range of inter-colony
variability on Kiritimati Island (Devriendt 2016; McGregor et al. 2011) and is equivalent
to a 2-3°C cooling. This lends additional support to persistent oceanic cooling in the
equatorial central Pacific at 4.3-4.0 kyr BP (Figure 46). Due to possible δ18 Osw influence
on the P43 δ18 O record as occurred in the XM35 δ18 O record, limited further conclusions
(e.g. ENSO variability) can be drawn from the P34 fossil coral other than oceanic cooling
at the time of the ‘4.2ka event’. The P34 fossil coral from Cobb et al. (2013) does not
show any similar correspondence to the Mawmluh Cave speleothem record as in XM35
and P43 fossil coral δ18 O records (Figure 46). The magnitude of the oceanic cooling
shown in the XM35 and P34 fossil corals indicate that a driver of the ‘4.2ka event’ that
originated in the tropical Pacific or elsewhere in the low-latitudes is worthy of further
consideration.
5.2.1

Possible drivers and mechanisms of the ‘4.2ka event’ megadrought

Although the precise drivers and mechanisms of the ‘4.2ka event’ are not able to be
assessed with certainty, a tropical Pacific driver for the ‘4.2ka event’ as suggested by
Toth & Aronson (2019) and Walker et al. (2012) is worth serious consideration in the
context of new results from the XM35 fossil coral. The XM35 Sr/Ca-SST record has
utility in evaluating the specific suggestion of ENSO as a possible driver of the ‘4.2ka
event’ (Toth & Aronson 2019; Walker et al. 2012). ENSO may have played a role in
the ‘4.2ka event’, as the first ‘4.2ka event’ signal of δ18 O enrichment in the Mawmluh
Cave speleothem corresponds to a very strong El Niño event followed by a very strong
La Niña event identified in the XM35 Sr/Ca-SST record (Figure 47). These events
were robustly classified through both cluster analysis and bandpass filtering, feature
phase-locking consistent with ENSO events and exceed the ‘Very Strong’ ENSO event
thresholds established from the mean SSTA of ‘Very Strong’ events in the modern
instrumental SST record. The precise co-timing of the ENSO events and the ‘4.2ka
event’ is not certain and further dating could assist in assessing this. Nevertheless, they
are within dating uncertainties and an association is likely.

Another notable correspondence between the XM35 record and the ‘4.2ka event’ signal
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in the Mawmluh Cave speleothem record is that the XM35 Sr/Ca-SST record has its
highest 60-year period of enhanced ENSO variability at 4.31-4.25 kyr BP found in
wavelet analysis and bandpass filtering (Figure 30, Figure 34). Whether the ENSO
events were indeed a trigger for the ‘4.2ka event’ megadrought or if the ENSO events
were influenced by another climate driver is a key consideration. Several scenarios for
a possible link between ENSO and the ‘4.2ka event’ are discussed below and assessed
along with other possible tropical Pacific drivers.

Figure 47: A close-up figure comparing the very strong El Niño and La Niña events at
4312-4310 yr BP and the Mawmluh Cave δ18 O record (green).

Scenario 1: Abrupt Tropical Climate Shift
Research to date suggests that the ‘4.2ka event’ was a multi-centennial event (Walker
et al. 2012; Weiss 2016) and the XM35 Sr/Ca-SST record shows multi-decadal changes
as well as ENSO variability at the time of the ‘4.2ka event’ signal. Enhanced power
at the multi-decadal periodicity at 4.38-4.3 kyr BP is evidenced in wavelet analysis of
the XM35 Sr/Ca-SST record (Figure 30). One possible explanation for multi-decadal
changes in the XM35 Sr/Ca-SST record and a possible driver for the ‘4.2ka event’
could be an abrupt tropical climate shift. There is precedence for abrupt climate shifts
in the tropics in the modern instrumental SST record.

For example, the 1976-77

abrupt tropical shift in the Pacific Ocean featured substantial changes to SST, upwelling
intensity, the thermocline and wind strength (Guilderson & Schrag 1998; Miller et al.
1994). Specifically, SST and thermocline depth in the tropical EP increased and easterly
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wind stress in the equatorial Pacific weakened (Guilderson & Schrag 1998; Miller et al.
1994). The 1976-77 abrupt tropical climate shift had profound impacts on the operation
of ENSO, with enhanced frequency and intensity of El Niño events in the decades
following this shift (Miller et al. 1994). The driver of the 1976-77 shift is uncertain, with
a “mode-switch” of the Pacific Decadal Oscillation (PDO) / decadal variability (Karspeck
& Cane 2002), warmer subsurface temperatures in the tropical South Pacific (Giese
et al. 2002) and changes in the equatorial undercurrent (Guilderson & Schrag 1998)
hypothesised as potential causes. The 60-year period of increased ENSO variability
evidenced in wavelet analysis and bandpass filtering (Figure 30, Figure 34) would be
consistent with an abrupt tropical climate shift, as El Niño event frequency and intensity
increased subsequent to the 1976-77 abrupt tropical climate shift (Guilderson & Schrag
1998). Thus, a severe abrupt tropical climate shift may have been a causal factor in the
‘4.2ka event’.

Scenario 1a: ENSO/PDO-like mechanism causing an abrupt tropical climate shift
In the equatorial central Pacific, the multi-decadal variability at 4.38-4.31 kyr BP appears
to manifest as a gradual warming trend prior to the abrupt oceanic cooling associated
with the very strong ENSO events and the 60-year period of stronger ENSO events
at 4.31-4.25 kyr BP in the XM35 Sr/Ca-SST record (Figure 28). This multi-decadal
variability may represent a “mode-switch” of the PDO. A “mode-switch” of the PDO refers
to when the constituent processes of the PDO that includes eastern North Pacific SST
flux related to low atmospheric pressure, oceanic thermal inertia and Rossby waves
generated from easterly wind stress in the North Pacific act to “switch” the PDO into a
“high/positive” mode featuring cool SSTs in the central North Pacific and warmer SSTs
in the tropical EP (e.g. Figure 48) or a “low/negative” mode featuring warm SSTs in the
central North Pacific (Newman et al. 2016). The cooling evident in the XM35 Sr/Ca-SST
record may represent a switch from a “high” PDO phase to a “low” PDO phase.
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Figure 48: A representative image of the Pacific during a PDO “high/positive” phase featuring
cool SST anomalies in the central North Pacific. The black lines represent sea level pressure
contours at 1hPa intervals over Dec-Jan-Feb. Figure modified from Newman et al. (2016).

The strong dynamical links between the PDO and ENSO may explain the subsequent
60-year period of relatively enhanced ENSO variability in the XM35 Sr/Ca-SST record.
After the 1977 PDO mode-switch to a “high” phase, ENSO variability increased
(Karspeck & Cane 2002; Newman et al. 2016). However, ENSO can force changes in
the PDO (Newman et al. 2003). In a similar way, the very strong ENSO events appear to
have initiated the abrupt tropical shift, which is suggestive of ENSO forcing (Figure 47).
A PDO-like driver of an abrupt tropical climate shift at 4.3 kyr BP is consistent with
the enhanced power at the 15-30 year periodicity at 4.35-4.30 kyr BP in the XM35
Sr/Ca-SST wavelet analysis (Figure 30). If the ‘4.2ka event’ originated in the tropical
Pacific, an abrupt tropical climate shift associated with a PDO “mode-switch” and very
strong ENSO events that triggered a 60-year period of enhanced ENSO variability could
be the most plausible scenario.

Although ENSO has been hypothesised as an ultimate driver of the ‘4.2ka event’
(Marchant & Hooghiemstra 2004; Toth & Aronson 2019; Walker et al. 2012), the
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association between ENSO, the PDO-like variability and the ‘4.2ka event’ in the XM35
Sr/Ca-SST record is not consistent with ENSO being the ultimate forcing of climate
variability. The 60-year period of ENSO variability that is enhanced relative to the midHolocene at 4.31-4.25 kyr BP is still 25% reduced compared to the modern instrumental
SST record. There is no systemic change in ENSO variance or a sustained increase in
ENSO variability that suggests strong links with the ‘4.2ka event’ (Figure 30, Figure 34).
Instead, the role of ENSO in the ‘4.2ka event’ was likely more nuanced and linked with
PDO-like variability that caused an abrupt tropical climate shift. An alternative scenario
to explain previously hypothesised links between ENSO and the ‘4.2ka event’ is that
the ‘4.2ka event’ caused changes in the mean climate state of the tropical Pacific that
eventually facilitated the “switch-on” of modern ENSO variability onwards from 4 kyr
BP, which has led to these distinct climate phenomena being grouped together in past
research (e.g. Toth & Aronson (2019)).

Scenario 2: ‘4.2ka event’ origin outside of the tropical Pacific
Although results in this thesis provide preliminary support to the ‘4.2ka event’ originating
in the tropical Pacific Ocean, whether the ‘4.2ka event’ originated in the Pacific and if
it was oceanic or atmospheric in origin will need to be clarified with future research.
A knowledge gap inhibiting a deeper understanding of the ‘4.2ka event’ identified by
Toth & Aronson (2019) is a research focus to-date on terrestrial paleoclimate records
from the northern hemisphere (e.g. Figure 49), with few paleoclimate records from the
tropical oceans. While an in-depth consideration of climate dynamics in the tropical
Atlantic and Indian Ocean is outside the scope of this thesis, the limited paleoclimate
records spanning the ‘4.2ka event’ from these regions are briefly considered for possible
causal links to the ‘4.2ka event’.

A Rodrigues Island speleothem record in the tropical SW Indian Ocean does not support
expression of the ‘4.2ka event’ in the tropical Indian Ocean, although a multi-centennial
drought at 3.9-3.5 kyr BP is evidenced (Li et al. 2018). Currently, there is no basis for
Indian Ocean climate variability such as the Indian Ocean Dipole causing the ‘4.2ka
event’. In the Atlantic Ocean, there are no significant changes in the North Atlantic
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Oscillation at the time of the ‘4.2ka event’ (Olsen et al. 2012), although there is no
other research to-date that excludes modes of tropical Atlantic climate variability such
as the Atlantic Meridional Overturning Circulation playing a role in the ‘4.2ka event’.
Further development of tropical Pacific marine records could greatly assist in clarifying
the nature of the ‘4.2ka event’ globally.

Figure 49: A comparison of several paleoclimate records displaying a ‘4.2ka event’ signal and a
map of their locations. The records are from the Gulf of Oman (pink) (Cullen et al. 2000), the
Red Sea (green) (Arz et al. 2006), Mt Kilimanjaro (red) (Thompson et al. 2002), southern Italy
(blue) (Drysdale et al. 2006), Tibet (orange) (Hong et al. 2003) and mid-continental North
America (light green) (Booth et al. 2005). The purple star indicates the location of the Mawmluh
Cave speleothem (Figure 46). Figure modified from Berkelhammer et al. (2013).

Possible mechanisms for hydroclimate change at 4.5-4.0 kyr BP
A common feature of the ‘4.2ka event’ is intense aridity at the mid- and low latitudes
(Marchant & Hooghiemstra 2004; Walker et al. 2012; Weiss 2016). Similarly, the
XM35 δ18 Osw records a multi-decadal dry period at 4.4-4.3 kyr BP (Figure 40). The
multi-decadal dry period ends at approximately the same time as the ‘4.2ka event’ signal
in XM35 Sr/Ca-SST and the Mawmluh Cave speleothem, and is followed by wetter
conditions (indicated by negative δ18 Osw ) onwards from 4.3 kyr BP. Changes in δ18 Osw
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do not have a linear relationship with changes in SST at this time (Figure 28). The
multi-decadal dry period at 4.4-4.3 kyr BP also corresponds to the abrupt weakening of
the East Asian Summer Monsoon (EASM) evidenced in the Dongge Cave speleothem
from 4.4-4.3 kyr BP (Figure 6) (Wang et al. 2005). This suggests hydroclimate changes
at 4.4-4.2 kyr BP that all these locations.

The ITCZ is a candidate for investigation of the mechanism of hydroclimate change at
4.5-4.0 kyr BP due to its strong impacts on low-latitude hydroclimate. Although there is
limited research available on the Pacific ITCZ during the Holocene, Palau lake sediment

δ2 H and a Borneo speleothem indicate a southwards shift in the mean position of the
Pacific ITCZ onward from 8 kyr BP (Figure 50) (Chen et al. 2016; Sachs et al. 2018).
A composite study of ice core and speleothem δ18 O records also suggests a more
southwards ITCZ than present at 8-3 kyr BP (Seltzer et al. 2017). In this scenario,
the mean position of the Pacific ITCZ shifts from approximately 5-10°N to 0-5°N. The
northern Borneo speleothem from Chen et al. (2016) shows no substantial shifts in δ18 O
at 4.5-4.0 kyr BP, although the Palau lake sediment record may indicate wetter conditions
at 4.5-4.0 kyr BP (Figure 50) Sachs et al. 2018. There does not appear to have been
any significant shift in the position of the Atlantic ITCZ at 4.5-4.0 kyr BP (Figure 5) (Haug
et al. 2001).

Figure 50: A time series of lake sediment dinosterol deuterium (δ2 H) and flux obtained from the
Rock Islands, Palau (7°18.27’N, 134°26.31’E) (Sachs et al. 2018). More positive δ2 H indicates
drier conditions and a more southwards ITCZ, and vice versa. Figure from Sachs et al. (2018).
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However, there are inconsistencies in estimates of the mean position of the Pacific
ITCZ in the mid-Holocene across different locations. Conversely to Sachs et al. (2018),
several studies suggest a Pacific ITCZ that was more north than present (Abram et al.
2009; Wang et al. 2005). The freshening indicated by XM35 δ18 Osw at 4.3-4.2 kyr
BP is likely more consistent with a southwards shift of the ITCZ, as an ITCZ that was
persistently south of the equator would be unlikely. Further investigation is needed to
clarify the mean position of the Pacific ITCZ in the mid-Holocene and no conclusive
statement can be made with regards to possible influence of the ITCZ on XM35 δ18 Osw .
However, wetter conditions at approximately 4.3-4.25 kyr BP may be ENSO-related, as
this corresponds to the 60-year period of relatively enhanced ENSO variability in the
XM35 Sr/Ca-SST record. It is also displayed in the filtered δ18 Osw record (Figure 35).
However, there appears to be no simple link with ENSO and the multi-decadal dry period
at 4.4-4.3 kyr BP or continued fresher conditions subsequent to the 60-year period of
enhanced ENSO variability (Figure 35, Figure 40). The mechanisms for hydroclimate
change throughout the tropics at 4.5-4.0 kyr BP warrants further investigation in future
research.

In summary, the ‘4.2ka event’ megadrought was likely expressed in the equatorial central
Pacific. This thesis proposes that an abrupt tropical climate shift caused by PDO-like
and ENSO variabliity at approximately 4.3 kyr BP may have been a causal factor in the
‘4.2ka event’. However, this cannot be clarified with certainty using the paleoclimate
records available and future research will be needed to investigate this. The specific
mechanisms causing global hydroclimate change at 4.5-4.0 kyr BP are unclear, as
no linear links to changes in the ITCZ can be stated with certainty and only partial
links between ENSO and hydroclimate variability are shown in comparison of the XM35
Sr/Ca-SST and δ18 Osw records with other paleoclimate records.
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6
6.1

Conclusions and Recommendations
Conclusions

Results from this study lend additional support for a broad-scale weakening of ENSO
in the mid-Holocene as evidenced in other tropical Pacific paleoclimate records (Carré
et al. 2014; Koutavas & Joanides 2012; McGregor & Gagan 2004; Tudhope et al. 2001).
An earlier El Niño event peak of September, reduced event amplitude and changes to
the equatorial central Pacific SST annual cycle at 4.4-4.2 kyr BP indicated by the XM35
Sr/Ca-SST record are consistent with influence from mid-Holocene precessional forcing
and the insolation feedback mechanism proposed by Clement et al. (2000). These
results support that mid-Holocene ENSO reduction was not simply a function of ENSOs
intrinsic variability, as suggested by Cobb et al. (2013) and Emile-Geay et al. (2016).
Changes in ENSO event frequency and comparison with other paleoclimate records
(Conroy et al. 2008; Thompson et al. 2017) suggest of a possible transition from an El
Niño-like mean state to a La Niña-like mean state for the tropical Pacific commencing at
approximately 4.5-4.0 kyr BP.

Oceanic cooling in the tropical central and eastern Pacific shown in the XM35 Sr/CaSST record and a reef core record from the tropical EP (Toth et al. 2015a; Toth et al.
2015b) may have led to the hypothesised “switch-on” of modern ENSO at approximately
4-3 kyr BP (Walker et al. 2012) through thermocline shoaling and strengthened
operation of the Bjerknes Feedback. Views into the processes of ENSO at 4.4-4.2
kyr BP provided through the XM35 Sr/Ca-SST record, several trends evident in the
XM35 Sr/Ca-SST record and in-depth back-testing of the XM35 Sr/Ca-SST record
against climate models may contribute to resolving mid-Holocene ENSO data-model
discrepancies. The results in this study support that there is precedence for external
forcing causing changes to ENSO.

The XM35 Sr/Ca-SST results in comparison with the Mawmluh Cave speleothem δ18 O
record (Berkelhammer et al. 2013) indicate that the ‘4.2ka event’ was expressed in the
equatorial central Pacific. The XM35 Sr/Ca-SST results provide preliminary support to
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an abrupt tropical climate shift linked to ENSO and PDO-like variability as a possible
causal factor of the ‘4.2ka event’. Although ENSO may have played a significant role in
the ‘4.2ka event’, its role may have been more nuanced than ENSO being an ultimate
driver of the ‘4.2ka event’ as previously hypothesised by Toth & Aronson (2019) and
Walker et al. (2012). Although preliminary support is provided to an abrupt tropical
climate shift being a causal factor in the ‘4.2ka event’, the drivers and mechanisms
of the ‘4.2ka event’ cannot be precisely delineated with the paleoclimate records
available, and future investigation of a ‘4.2ka event’ driver that originated in the Pacific
region is warranted. Notwithstanding these uncertainties, the results presented in this
study represent a substantial contribution to understanding of the ‘4.2ka event’ and its
expression in the equatorial central Pacific.

6.2

Recommendations for future research

This study provides direction for future research to develop a deeper understanding
of ENSO processes and clarify how ENSO and the mean climate state of the tropical
Pacific may have changed between 4.5-3.5 kyr BP. It also provides direction for future
research to investigate how the ‘4.2ka event’ impacted the entirety of the Pacific
region, whether the ‘4.2ka event’ originated in the Pacific and what Pacific Ocean
climate mechanisms may have been a causal factor in the ‘4.2ka event’. The primary
recommendations for future research are as follows:
• U/Th dating of the XM35-O1 piece to further validate co-timing of oceanic cooling
indicated in XM35 Sr/Ca-SST with other paleoclimate records featuring a ‘4.2ka
event’ signal.
• Development of further high-resolution fossil coral Sr/Ca-SST records from
Kiritimati Island at 6-3 kyr BP. A long-lived record at 6-4.5 kyr BP may provide a
better baseline of mid-Holocene ENSO variability due to expression of the ‘4.2ka
event’ in the XM35 fossil coral. A record spanning 4.2-4.0 kyr BP could be used to
further validate abrupt oceanic cooling and expression of the ‘4.2ka event’ in the
equatorial central Pacific at this time as indicated by the P34 fossil coral from Cobb
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et al. (2013). Fossil coral Sr/Ca-SST records at 4.0-3.5 kyr BP could be used to
test the hypothesis of enhanced ENSO variability subsequent to oceanic cooling.
• Further investigation of the paleoenvironment for fossil corals from Kiritimati
Island’s inland south. A sediment core from this location could have utility in
assessing coral paleoenvironment and if/when this location was representative
of open ocean conditions and not representative of open ocean conditions.
• Refining forward modelling of coral δ18 O to resolve data-model discrepancies by
fully accounting for precipitation and evaporation influences on coral δ18 O.
• Further investigation of tropical Pacific δ18 Osw dynamics during the mid-Holocene
using δ18 Osw derived from paired fossil coral δ18 O and Sr/Ca records.
• Development of high-resolution paired δ18 O and Sr/Ca-SST records from mid-late
Holocene fossil corals in the tropical WP to clarify the mean climate state of the
tropical WP before and after the ‘4.2ka event’ and investigate how the ‘4.2ka event’
event was expressed in the tropical WP.
• Development of high-resolution speleothem δ18 O records from the tropical WP and
South Pacific to further assess changes in Pacific hydroclimate before/during/after
the 4.2ka event.
• In order to resolve data-model discrepancies in the magnitude of mid-Holocene
ENSO reduction indicated, in-depth data-model comparison using the XM35
Sr/Ca-SST record could assist in correctly accounting for tropical Pacific climate
dynamics that models may have misspecified. Improvement of model hindcasting
of the mid-Holocene could assist in reducing uncertainties in modelling ENSO
under future climate scenarios.
• Continued development of high-resolution paleoclimate proxies globally to further
characterise the impacts and spatial extent of the ‘4.2ka event’ megadrought,
particularly at the mid- and low latitudes.
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Appendices
Appendix A: Datasets and Code (USB)
Sr/Ca, SST and δ18 Osw obtained from the XM35 fossil coral are presented in the
“MasterXM35.csv” spreadsheet and includes the published XM35 δ18 O record from
McGregor et al. (2013). Also included in this spreadsheet is the bandpass filtered
XM35 Sr/Ca-SST record, trend splines generated from the three XM35 datasets
and the El Niño/La Niña/Neutral cluster assigned to each data point. Spreadsheets
containing the El Niño/La Niña events identified for the XM35 Sr/Ca-SST record
and the modern instrumental SST record are also included for reference, titled
“(Fossil/Modern) (El Niño/La Niña).csv”. The instrumental record SST data used in
this thesis is also included in the ‘ersstv5.csv’ spreadsheet for reference, and contains
the ERSSTv5 SST data from Huang et al. (2017) for 1880-2017 for the 2° x 2° grid
centred on Kiritimati Island and the NINO3.4 region. Standardised SSTA, trend splines
modelled from these datasets, the filtered SST record and the El Niño/La Niña/Neutral
cluster assigned to each data point for these two datasets are also included in
the spreadsheet.
URL
(last
modern

This dataset by Huang et al. (2017) is publicly available at the

“http://iridl.ldeo.columbia.edu/SOURCES/.NOAA/.NCDC/.ERSST/.version5/”
accessed
corals

1/4/19).
are

Data
publicly

from

archived

the
at

XM22
the

and

XM0

following

link:

“ftp://ftp.ncdc.noaa.gov/pub/data/paleo/coral/east pacific/kiritimati2013.xls”

(last

accessed 1/4/19).

The ’mgcv’ package in the R computing language was used to create trend splines
from datasets for this thesis (Wood 2019). A sample of this code is included in a text
file titled “SplineSample.txt”. Cluster analysis was also performed in R. A sample of this
code is included in a text file titled “ClusterSample.txt”.

All other code is in the Python 3 language and is included in a singular Jupyter Notebook
titled “WilcoxThesisCode.ipynb”. The Anaconda distribution is required to open this
file and is available for free at the URL: “https://www.anaconda.com/distribution/”.
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Original figures produced for this thesis were produced using the matplotlib spackage
(Hunter 2007).

The Pandas (McKinney 2010), NumPy (Oliphant 2006) and

SciPy (Jones et al. 2001) packages were used for statistical analysis and data
manipulation.

Wavelet analysis was performed using code written by Evgeniya

Predybaylo based on Torrence & Compo (1998) and is available at the URL
”http://atoc.colorado.edu/research/wavelets/” (last accessed 13/2/19).

Appendix B: SEM Images (USB)
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